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Heat pump operation optimization: The optimization of heat pump operation is crucial for maximizing energy 
efficiency and reducing energy costs. IoT technologies can be used to continuously monitor and analyze heat 
pump performance, allowing for real-time optimization and adjustment of operation parameters. By optimizing 
heat pump operation, building owners and operators can reduce energy consumption and improve system 
performance, resulting in cost savings and environmental benefits. 

Predictive maintenance: Predictive maintenance is an essential aspect of ensuring the longevity and relia-
bility of heat pump systems. IoT-enabled sensors can continuously monitor system performance and provide 
real-time data on system health. By analyzing this data, predictive maintenance algorithms can identify poten-
tial issues before they become critical, allowing for timely and cost-effective maintenance interventions. By 
implementing predictive maintenance strategies, building owners and operators can reduce downtime, extend 
the lifespan of heat pump systems, and optimize maintenance costs. 

Flexibility provision: Flexibility provision refers to the ability of heat pump systems to provide flexible energy 
services to the grid. By incorporating IoT technologies, heat pump systems can be configured to operate in a 
way that provides maximum flexibility to the grid. This can include adjusting the timing and level of heat pro-
duction in response to grid demand, as well as providing ancillary services such as frequency regulation. By 
providing flexibility to the grid, heat pump systems can help to stabilize the electricity system, reduce energy 
costs, and facilitate the integration of renewable energy sources. 

Heat pump operation commissioning: Commissioning is a critical aspect of ensuring the safe and effective 
operation of heat pump systems. IoT technologies can be used to streamline the commissioning process, 
allowing for faster and more accurate system setup. By using IoT-enabled commissioning tools, building own-
ers and operators can ensure that heat pump systems are configured to operate optimally from the outset, 
minimizing energy consumption and optimizing system performance. 

Heat as a service: Heat as a service is an emerging business model that aims to provide heat pump systems 
to customers as a service rather than as a product. This model can help to overcome some of the barriers to 
heat pump adoption, such as high upfront costs and technical complexity. By implementing IoT technologies, 
heat pump service providers can remotely monitor and optimize system performance, ensuring that customers 
receive high-quality, reliable, and cost-effective heating services. Heat as a service can help to accelerate the 
adoption of heat pump systems, enabling more buildings to benefit from the energy and cost savings they 
offer. 

In total, 41 use cases were collected, where the Danish working group provided 11 cases from suppliers and 
12 cases from R&D projects in Denmark,  see Table 2. In appendix A, the country summary report for Denmark 
can be found. This report contains the full descriptions collected for the 23 Danish IoT cases on heat pumps. 
In addition to this, all factsheets for the cases, both from Denmark and the international project group, can be 
found on the Annex homepage:  

https://heatpumpingtechnologies.org/annex56/factsheets/ 
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The survey showed that IoT enabled heat pumps are expected to become a part of a connected system in the 
future rather than an autonomous smart component. As shown in Figure 7 this was found for both residential 
and industrial heat pumps. 

 

Figure 7: IoT enabled heat pumps in the energy system [18]. 

Almost all participants use LAN and WLAN communication interfaces to collect field and operational data. 
They are followed by local wired (USB, Serial, ...) and wireless (Lora, Bluetooth, ZigBee, ...) interfaces as well 
as GSM. Seven companies use specific interfaces needed for smart grid ready label 

The collected feedback clearly indicates significant progress in technology implementation. All participating 
companies offer both IoT products (e.g. heat pumps with connectivity or intelligent components such as com-
pressors or sensors), and related services (e.g. marketing of flexibility, remote service, monitoring, etc.). While 
two thirds of these products are already available either in the product portfolio of the companies, or in a large 
number in use, another third is currently under evaluation, under development or in a pilot phase. The survey 
showed that IoT technology is expected to bring significant changes in product development, business models 
and maintenance. For IoT enabled heat pumps this means that instead of being an autonomous smart com-
ponent, they will be increasingly integrated and will be part of connected energy systems in the future. 

4.1.8 Expert interviews 

To gain further insights into the state of IoT technologies for heat pumps, a series of expert interviews were 
conducted in Sweden involving leading heat pump manufacturers, IoT companies, associations, and consult-
ants. The interviews aimed to gather information on the current trends and challenges in the field of IoT-ena-
bled heat pumps, as well as the opportunities and potential benefits of integrating IoT technologies into heat 
pump systems. 

The interviews were conducted with a range of experts providing a diverse set of perspectives on the topic. 
The participants were asked a series of questions related to the following topics: the current state of IoT tech-
nologies for heat pumps, the challenges, and opportunities of IoT integration, the benefits of IoT-enabled heat 
pumps, and the future outlook for IoT technologies in the heat pump industry. 

The expert interviews provides key insights and perspectives gathered, providing a valuable insight into the 
views of heat pump manufacturers on the potential of IoT technologies for enhancing the performance, effi-
ciency, and functionality of heat pump systems. 





https://projekte.ffg.at/projekt/2917872
http://digitaltwins4hprs.dk/
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system. To keep the handling of the software packages user-friendly, the FiLiP (Fiware library for Python 
(Storek et al., 2021) is used. This ensures fast and easy development of individual applications in the IoT area 
(Internet of Things). For a scalable use of the Fiware software platform that is independent of the operating 
system, these are started within containers via Docker. Communication within the software platform takes 
place via the Open API specification "NGSI" (Next Generation Service Interface), which represents a uniform 
format for describing an API (Application Programming Interface) for context data. The advantage of this format 
is that the API can be operated very easily using HTTP commands (POST, GET, DELETE, ...). An actuator 
can thus be operated via a simple PUT command, for example. The present IoT-structure enables a user-
friendly integration of customized micro services such as fault detection (see Figure 12). 

 

Figure 12: IoT modular concept for connecting real experiment with the digital replica and microservices [8]. 

A fault detection module is developed which detects deviations and sends and issues a message about the 
incident to a predefined target group at regular intervals (red circles) via a Telegram bot. 

4.2.1.4 Live Digital Twins - EnergyMachinesTM 
EnergyMachines (https://da.energymachines.com/) have described how to deploy Digital Twins by using the 
platforms numerous (https://www.numerous.com/) and Energymachines.cloud, which are further described in 
this section. 

Numerous is a platform for setting up cloud-based simulations, optimization, digital twins, automatic reporting 
tools and many more applications. Simulations and analytics tools can be developed using the numerous 
python SDK and shared with other users. Via the web application users have access to configure and run the 
tools and explore the results. On the platform the tools run on cloud resources provisioned by the platform. In 
this way multiple users can run the tools in parallel and share their results without installing anything locally. 
Numerous is available as software-as-a-service. 

Energymachines.cloud is a SCADA/HMI platform, which enables sensor logging on the heat pump system, 
visualization for operators, setting alarms, and reporting results back. It also is the key gateway into accessing 
all historical data logged on connected systems. Combining the powers of numerous and ener-
gymachines.cloud allows running simulations with live sensor readings as inputs and deploying multiple in-
stances each configured for a specific system. This way Energymachines have live digital twins for their heat 
pump systems and use the results to augment the real measurements with data from the simulations. 

Modelling heat pumps 

https://www.dti.dk/iot-for-heat-pumps/results-and-cases/43060,2
https://www.numerous.com/
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To run a digital twin of a heat-pump, there first needs to be a model. EnergyMachines have several models of 
their heat-pumps. The best candidates are based on so-called Long-short term memory (or LSTM) neural 
networks. Figure 13 shows an example of such an LSTM model trained using data from energymachines.cloud 
on one of the installations from Energymachines. 

 

Figure 13: An example of a trained LSTM model which shows that transient operation is captured by the model [8]. 

Infrastructure for running digital twins 

Numerous was created out of a need internally at Energymachines to easily make available simulations and 
analytical tools to application engineers and to deploy these tools in a structured way as digital twins, continu-
ously adding the power of advanced analytics to systems in the field. 

The current architecture for running heat-pump digital twins from Energymachines can be seen in Figure 14. 
The users range from the developer who wants to execute their digital twin application, to the user who wants 
to take advantage of the digital twin, for example for the purposes of predictive maintenance. In the figure it is 
shown how the model developer configures the applications (harvester and digital twin) using the numer-
ous.cloud platform and how energymachines.cloud polls sensors from a heat-pump connected to the cloud via 
a local client and publishes its data on its backend using MQTT 



  Det Energiteknologiske Udviklings- og Demonstrationsprogram  
 
 

Final report - Danish participation in IEA HPT Annex - IoT Annex - Digitalization and IoT for Heat Pumps  Side 23 af 47 

 

Figure 14: The digital twin infrastructure at Energymachines [8]. 

Packaging the model for numerous 

The model developer creates a model using any application which can be interfaced from python and inte-
grates it with the numerous platform using the python SDK (software development kit). The developer then 
deploys the digital twin from the numerous web application. Python was chosen as the most popular program-
ming language with the largest ecosystem of packages available for data science and analytics, as well as its 
ability to run on most operating systems. The developer uploads the application to numerous using the numer-
ous command line interface.   

Running the model as a digital twin 

A main feature of numerous is the ability to run any model in real-time as a digital twin. There is in-fact no 
distinction between a simulation using static data and one running as a digital twin. The definition of a digital 
twin is here a simulation which runs continuously with input data coming from a real system. Typically, simu-
lations can run in multiples of times faster than real time and so resources consumed for a digital twin is much 
less CPU intensive as the application only does its calculations a fraction of the time. When running as a digital 
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Further information about the Danish Task 3 inputs is shown in the following sections.  

4.3.1 EnergyLab Nordhavn 

General information: Spare compressor capacity from supermarket refrigeration system is utilized for heat 
production to local space heating and local domestic hot water heating and for the district heating grid. A smart 
controller using price signals is used to decide whether heat is produced for local consumption or for the district 
heating grid.  

Country of application DK 

IoT category HP operation optimization 

Type of use case Utilization of heat pump capacities in supermarkets 

Topics Operation, efficiency 

Location of intelligence Heat pump 

Incoming data HP controller setpoints 

Outgoing data HP operation data, parameters/settings 

QoS of the connection Real-time 

TRL 7-9 

Availability Research project 

DA-Method Control engineering through integration of live price signal data in hp control 

Implementation Details A heat recovery control method was proposed and tested based on temperature 
measurements and incoming real time price signals. 

Modeling requirements No specific modelling requirements 

Application Require-
ments 

The application requires temperature measurements in the hot water storage 
tank where heat for local space heating and domestic hot water is stored. 

Operation data required Compressor capacity information, temperatures, grid prices 

4.3.2 Flexible Energy Denmark 

General information: Heat pumps are controlled either by minimizing the cost of operation, efficiency, or by 
minimizing the CO2 emission. The system can be linked to high level controllers for providing grid services. 
The system is called the smart-energy OS. 

Country of application DK 

IoT category HP operation optimization 

Type of use case Cloud based control of heat pumps 

Topics Operation, efficiency 

Location of intelligence Cloud, fog, edge 

Incoming data HP controller setpoints and price signals for control based on incentives 

Outgoing data Power consumption, temperatures, parameter settings 

QoS of the connection Near real-time 

TRL 7 

Additional Information Hierarchical setup concerning "Location of Intelligence", Data lake is used to 
store the data, and cloud based control, self-learning models of the buildings or 
district heating systems 

DA-Method Grey-box model, forecasting, control, MPC 
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Implementation Details Typically, the model is built using the grey-box principles, which provides a data-
driven digital twin model. Such models are optimized for assimilation of infor-
mation from sensors and energy meters in near real time. 

Modeling requirements COP model, grey-box identification of buildings, heat pump, and disturbances 
like solar radiation and ambient air temperature, data-driven model of HP inte-
grated in the thermal dynamic model of the building 

Application Require-
ments 

Typically, temperature measurements are needed 

Operation data required CO2 forecasts, weather forecast, occupancy forecast, water temperature, air 
temperature, price forecasts 

Semantic data required Building meta data (like size, year built, etc.), energy system meta data 

4.3.3 Center Denmark 

General information: Heat pumps are controlled either by minimizing the cost of operation, efficiency, or by 
minimizing the CO2 emission. The system can be linked to high level controllers for providing grid services. 
The system is called the smart-energy OS. 

Country of application DK  

IoT category HP operation optimization 

Type of use case Cloud based control of e.g. heat pumps 

Topics European Digitalization Hub for Smart Energy Systems, operation, efficiency 
(energy, cost, emission) 

Location of intelli-
gence 

Cloud, edge, cloud, fog 

Incoming data HP controller setpoints and price signals for control based on incentives 

Outgoing data Power consumption, temperatures, parameter settings 

QoS of the connec-
tion 

Near real-time 

TRL 5-8 

Additional Informa-
tion 

Hierarchical setup concerning "Location of Intelligence", Data lake is used to 
store the data, and cloud based control, self-learning models of the buildings or 
district heating systems 

DA-Method Grey-box model, forecasting, optimization, control, MPC 

Implementation De-
tails 

Typically, the model is built using the grey-box principles, which provides a data-
driven digital twin model. Such models are optimized for assimilation of infor-
mation from sensors and energy meters in near real time. 

Modeling require-
ments 

COP model, grey-box identification of buildings, heat pump, and disturbances 
like solar radiation and ambient air temperature, data-driven model of HP inte-
grated in the thermal dynamic model of the building 

Application Require-
ments 

Typically, we need temperature measurements - and for comfort control we also 
need e.g. CO2 measurements, humidity, etc. 

Operation data requi-
red 

CO2 forecasts, renewable generation forecasts, weather forecast, occupancy 
forecast, water temperature, air temperature, price forecasts 

Semantic data requi-
red 

building meta data (like size, year built, etc.), energy system meta data 
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4.3.4 EnergyMachines "EMV" 

General information: The Energy Machines Verification tool (EMV) is a combined hardware/software solution 
based on physical measurements, a service REST API (REpresentational State Transfer Application Program-
ming Interface) and thermodynamic models of the heat-pumps, in order to provide online/live transparent per-
formance monitoring of these, as well as to provide early warning systems for predictive maintenance (to-be-
implemented). The tool is based on measurements of temperature and pressure, and enthalpy data for the 
refrigerant(s). It provides an alternative measurement to energy meters, but also extends beyond the limitations 
of these, as even more information can be extracted from the thermodynamic cycles.  

Country of applica-
tion 

SE, PL 

IoT category HP operation optimization 

Type of use case Optimize HP operation 

Topics operation 

Location of intelli-
gence 

cloud 

Outgoing data Temperatures, pressures, power from compressor, state of compressor (on/off) 

Connection Platform CAN, PLC, wired, cloud 

Protocols TCP, Modbus 

QoS of the connec-
tion 

Aggregated over 60 seconds 

TRL 9 

Availability Available 

Additional Informa-
tion 

www.energymachines.com 

DA-Method Energy balances calculate COP, compressor efficiency, and heating/cooling pro-
duction, etc. 

Implementation De-
tails 

The calculations are uniquely timestamped, and results are made available on de-
mand. To reduce noise from raw measurements, know-how of the system is ap-
plied (typical time constants). Data is sent to RESTful API, and a receipt is re-
turned. Data is then processed in the backend located on a Kubernetes-enabled 
cloud. Upon requesting the receipt, the results are returned. Results include coef-
ficient of performance, refrigerant flows, heat flows (cooling/heating) and accumu-
lated/averaged values. 

Modeling require-
ments 

Measurements of temperature and pressure, as well as power from compressor, 
and knowledge of refrigerant and the cycle. Thermodynamic tables with all rele-
vant state variables as functions of measurable temperature and pressure. Given 
the heat pump cycle, energy balances calculate COP, compressor efficiency, and 
heating/cooling production, etc. 

Application Require-
ments 

Live monitoring of HP performance provides total transparency between supplier 
and customer. A typical use-case would be if customer has been promised a heat-
pump that can deliver a COP (Coefficient of performance) of 5, they can live mon-
itor the COP and see if they are getting what they are promised. This can poten-
tially lead to better performing heat-pumps, as suppliers can be held accountable. 
Combining EMV with data-driven machine learning models, which run as digital 
twins, may even reveal early signs of deterioration, and we expect predictive 
maintenance to be an added feature. 

Semantic data requi-
red 

Sensor measurements of pressures and temperatures around the refrigerant cir-
cuit. Data on heat pump layout. 
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4.3.5 OPSYS 2.0 

General information: The flows in the heating system (for single family house) is constantly optimized; and also 
controlled in such a way that heat is stored in the building/water tank when there is a surplus of (PV) electricity; 
or the system is stopped with a low amount of renewable electricity. The control of the heating system will be 
a self-learning; dynamic and modulating type. The control kit can optimize both the forward temperature from 
the heat pump and the flow rate through the heat emitting system. The temperature control is performed by 
inputs from floor and room models, with feedback from the physical system. The house model is developed in 
Dymola (Modelica) and imbedded in a python script as a FMU (Functional Mock-up Unit). 

Country of application DK 

IoT category Flexibility provision 

Type of use case Adaption of operation schedules and provide energy flexibility to the electricity 
grid 

Topics Operation, efficiency 

Location of intelli-
gence 

Controller in the building management system 

Incoming data HP controller setpoints 

Outgoing data Pressures, temperatures, flows 

QoS of the connec-
tion 

Real-time 

TRL 7-8 

Availability Research project 

DA-Method Control engineering. 

Implementation De-
tails 

The control of the underfloor heating system will be a self-learning, dynamic and 
modulating type. This means that no complex manual fine-tuning is needed, and 
the flow is kept on the right level independently of the number of open circuits. 
The modulating approach secures the desired average valve setting by pulsing 
the power to the telestats (and later control thermostats on radiators) in order to 
obtain a desired opening degree of the valves. 

Modeling require-
ments 

Requires dynamic models for the controller where the temperature control is per-
formed by inputs from floor and room models, with feedback from the physical 
system. The house model is developed in Dymola (Modelica) and imbedded in a 
python script as a FMU (Functional Mock-up Unit). 

Application Require-
ments 

Development of a control kit needed, includes development of room model, floor 
model, room temperature control. 

Operation data requi-
red 

Performance data, temperatures, pressures, mass flows, weather forecast, PV 
production, storage data, indoor temperatures, grid prices 

Semantic data requi-
red 

The house model includes all constructions of the house, the underfloor heating 
system of the four rooms, internal gains (people and appliances), external gains 
(solar radiation through windows), and the ambient temperature. 

 

4.3.6 Digital Twins (1) 

General information: Analysis of functionality and performance; performance benchmarking; validity checks 
(installation errors); soft sensors. 

Country of applica-
tion 

DK 
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IoT category HP operation commissioning, HP operation commissioning 

Type of use case Advanced system monitoring 

Topics Reliability, efficiency 

Location of intelli-
gence 

Energy manager 

Outgoing data Pressures, temperatures, semantic data, mass flows, COP 

QoS of the connec-
tion 

Deferrable 

TRL 5-6 

Availability Research project 

Additional Informa-
tion 

http://digitaltwins4hprs.dk/ 

DA-Method Benchmarking, visualization, calculation of functionality and performance data, 
alarms, comparison with other heat pumps. 

Implementation De-
tails 

Development of self-learning dynamic models that can give inputs to validity 
checks. 

Modeling require-
ments 

Validated dynamic model of heat pump system need. Can be made in Dymola 
and exchanged as FMU's. 

Application Require-
ments 

Realize data connection from the heat pump to a server for data analysis; man-
ual collection of semantic data about heat pump system, e.g. data sheets and 
questionnaires; development of dynamic model, including parameterizing; Set 
up of connection between Digital Twin and SCADA system 

Operation data requi-
red 

Performance data, temperatures, pressures, mass flows 

Semantic data requi-
red 

Sensor measurements of power, pressure, and temperatures around the refrig-
erant circuit. data on heat pump layout. 

4.3.7 Digital Twins (2) 

General information: Current operation data is compared with historic data and other field measurements 
which can trigger early-stage warnings and predictive maintenance activities 

Country of application DK 

IoT category Predictive maintenance 

Type of use case Predictive maintenance 

Topics Operation, efficiency 

Location of intelli-
gence 

Energy manager 

Outgoing data Pressures, temperatures, mass flows 

QoS of the connec-
tion 

Deferrable 

TRL 5-6 

Availability Research project 

Additional Informa-
tion 

http://digitaltwins4hprs.dk/ 

DA-Method Visualization, calculation of performance data, alarms, comparison with other 
heat pumps 
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Implementation De-
tails 

The project develops a framework for fault detection and diagnosis that integrates 
a dynamic simulation model and different machine learning algorithms for classifi-
cation 

Modeling require-
ments 

Soft sensors, COP-model, machine-learning (failure detection) 

Application Require-
ments 

Realize data connection from the heat pump to a server for data analysis; manual 
collection of semantic data about heat pump system, e.g. data sheets and ques-
tionnaires; development of dynamic model, including parameterizing; Set up of 
connection between Digital Twin and SCADA system 

Operation data requi-
red 

Performance data, temperatures, pressures, mass flows 

Semantic data requi-
red 

Sensor measurements of power, pressure, and temperatures around the refriger-
ant circuit. Data on heat pump layout. 

4.3.8 Digital Twins (3) 

General information: Continuous set-point tuning and scheduling of production and downtimes by optimizing 
heat production by considering variable power prices and changes in cooling and heating loads for both daily 
and seasonal variations. 

Country of application DK 

IoT category HP operation optimization 

Type of use case Optimize HP operation 

Topics Operation, efficiency 

Location of intelli-
gence 

Energy manager 

Incoming data HP controller setpoints 

Outgoing data Pressures, temperatures, semantic data, mass flows, COP 

QoS of the connec-
tion 

Real-time 

TRL 5-6 

Availability Research project 

Additional Informa-
tion 

http://digitaltwins4hprs.dk/ 

DA-Method Fault detection, alarms, comparison, control engineering 

Implementation De-
tails 

Development of self-learning dynamic models that can give inputs to performance 
optimization. 

Modeling require-
ments 

Validated dynamic model of heat pump system need. Can be made in Dymola 
and exchanged as FMU's. 

Application Require-
ments 

Realize data connection from the heat pump to a server for data analysis; manual 
collection of semantic data about heat pump system, e.g. data sheets and ques-
tionnaires; development of dynamic model, including parameterizing; Set up of 
connection between Digital Twin and SCADA system 

Operation data requi-
red 

Performance data, temperatures, pressures, mass flows 

Semantic data requi-
red 

Sensor measurements of power, pressure, and temperatures around the refriger-
ant circuit. Data on heat pump layout. 
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for e-mobility usage. The performance of the  optimization engine  is dependent on the resolution of  the 
available heat and electricity consumption data.   

 

 

 

 

 

 

 

2.1.8. ENFOR 
The energy forecasting and optimization platform developed by ENFOR aims at forecasting energy pro-
duction from renewable  energy sources as well as forecasting electricity demand and heat demand. This 
platform enables optimal operations of renewable energy production facilities (like and wind and PV) as 
well as district heating networks. Today, ENFOR provides forecasts of approximately 25 % of the total wind 
power worldwide . In particular , the module for temperature optimization is able to lower the supply tem-
perature in district heating networks, which will improve the efficiency of heat pumps connected to such 
district heating supply networks. Furthermore, the temperature optimization mod ule can lower heat 
losses and fuel costs by optimizing heat pump operation by  the use of model predictive control.  Several 

Danish district heating supply companies have adopted the energy forecasting and optimization platform 
from ENFOR, called Heat Solutions, shown in Figure 8.  

Figure 7. Scheme of the heat pump bidding product from AI-energy. 

Figure 8. Example of forecast for heat load, temperature, and solar radiation. 
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2.1.9. Center Denmark 
Center Denmark is an independent  non-profit company that delivers digital infrastructure for different 
entities in the energy sector to develop n ovel data-driven solutions  that leverage the integration of differ-
ent sectors, as seen in Figure 9. 

 

Figure 9. Data is at the core of the development, innovation and business thinking at Center Denmark. 

Center Denmark provides a Trusted Data Sharing platform with 24/7 access to energy -related data and 
digital tools. The platform provides  access to historical data using a data lake setup and bi-directional data 
streaming for smart energy services such as forecasting of electricity prices and control of heat pumps. 
Using digital tools at the platform, Center Denmark is able to facilitate and support tests and demonstra-
tions in representative and scalable settings. Consequently, Center Denmark is an incubator for digital 
business models aimed at providing new data -driven services for the energy and water sectors.  

2.1.10. EnergyFlexLab 
EnergyFlexLab consists of a number of laboratories testing energy components and systems for a future 
flexible energy system, with increasing demands for smart  control  systems and sector coupling. Ener-
gyFlexLab uses a digital platform located on its own separate virtual -LAN network within the Danish Tech-
nological Institute.  The lab setup is testing real life scenarios to analyze the degree of flexibility that  cou-
pled technologies  can add to an energy system, which include solar panels, battery systems, heat pumps, 
and electric car chargers.  

 

Figure 10. Main energy components in EnergyFlexLab. 
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are supermarket refrigeration systems as well as heat pumps for dis trict heating systems. Figure 12 shows 
a diagram of the Digital Twin system operator integrated in heat pump or refrigeration system.  

 

Figure 12. Diagram of the digital twin system operator. 

The digital twins developed in the project are expected to have a modular and reusable structure , where 
physically derived thermodynamic models are integrated with data -driven methods. Th is is expected to 
allow the provision of monitoring, predicting maintenance and operation optimization by the use of adapt-
able models with different levels of complexity. The data used to develop and implement the adaptable 
models is estimated to be  retrieved fr om wired sensors as well as from IoT-based sensors.  

2.2.2. EnergyLab Nordhavn 
The project EnergyLab Nordhavn  has demonstrated the integration of district heating and electricity sys-
tems, as well as energy-efficient buildings and electric transport to achieve sma rt, flexible and optimize 
energy systems. In particular, a heat recovery unit has been integrated into the refrigeration system of a 
supermarket , seen in Figure 13. The supermarket uses a CO2 refrigeration system. Heat was recovered 
from the high -pressure side of the refrigeration cycle and supplied to the local district heating grid or to 
the building itself for space heating and domestic hot water preparation. In this  way, energy is recovered, 
synergies between local energy prosumers are unlocked and the available compressor capacity of the 
supermarket refrigeration system can be exploited better.   

The closed-loop control algorithm  for the system  was executed in Matlab on a PC at the Technical Univer-
sity of Denmark. The control algorithm decides the optimal operation strategy based on real -time opera-
tional data as well as electricity and district heating prices. The connection to the physical system was 
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Furthermore , the heat pump has been modified to provide fast regulation services to the grid. Here, the 
optimization module  (still under development)  can additionally plan for the heat pump to deliver this ser-
vice, where the grid frequency  is analyzed, and the module attempts to stabilize it by the adjustment of 
set points in the heat pump co ntrollers.  

The preliminary results indicate that operating costs can be reduced by 7 % when the flexible heat pro-
duction optimization is applied  and an additional  cost reduction of 6 % can be achieved by delivering grid 
services. 

2.2.4. Smart-Energy Operating-Systems 
The Smart-Energy Operating-System (SE-OS) is a framework for digitalization and implementation of smart 
energy solutions  for  heat pumps  and other energy systems . This also includes connections to the energy 
related part of e.g. water and food processi ng systems. The SE-OS framework consists of both direct and 
indirect (mostly price -based) control of the electricity and heat load in integrated energy systems , as seen 
in Figure 15. The system has embedded controllers for handling ancillary service problems in both elec-
tricity and heat systems. The entire setup of the SE-OS includes all layers of computing , namely cloud, fog 
and edge computing . The distributed setup of  computing and data includes edge computing near the IoT 
devices.   

 

Figure 15. The Smart-Energy Operating-System (SE-OS) for digitalization of integrated energy systems. 
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The idea of the HP AutoTune concept is to adjust the set points for the  heat pump , so that the highest 
possible COP is achieved for a given operating condition. The HP AutoTune will be investigated in the 
project through different approaches , among other things an approach  which is based on invasive weed 
optimization  (IWO).  

2.2.8. HPCOM 
The main purpose of the project was to strengthen the developm ent and implementation of information 
and data communication technology (ICT) and infrastructure around  individual heat pumps. The project 
covered data communication from household heat pump installations to the central systems , including 
distribution syst em operators, electricity suppliers and other service providers.  

The project focused on knowledge sharing and was centered around state -of-the-art research, develop-
ment, and demonstration (RD&D), standardization and testing facilities which have resulted i n a RD&D 
Strategy and Roadmap for ICT in the heat pump area. 

     

Figure 19. Principle for heat pump datahub (high level) developed in the HPCOM project. 

Together with up -to-date knowledge within standardization and RD&D, this roadmap can be utilized by 
potential new projects within the area. The development of strategy and roadmap were done in close 
cooperation with the ICT - and heat pump industry, and at the same time , the strategy was conveyed to 
the broader energy and S mart Grid industry.  

2.2.9. Flexible Energy Denmark 
The Flexible Energy Denmark (FED) project analyzes large amounts of consumer data and consumer be-
havior. The aim is to enable the development of digital solutions that are capable of adjusting the power 
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Figure 21. Concept overview for components in the RES4BUILD energy system. 

For all solutions, advanced modelling and control approaches will be developed and integrated in a Build-
ing Energy Management System (BEMS). This will allow users to select their requirements  and optimize 
the use of the system  accordingly, thus exploiting  the available potential for  demand flexibility.  

2.2.11. Development of Fast Regulating Heat Pumps Using Dynamic Models 
The project aims at developing software tools that enhance the flexibility of large -scale heat pumps oper-
ating in integrated systems with varying operating conditions. This is approached by the development of 
a holistic control structure and a design procedure that integrates the dynamic characteristics of a heat 
pump , where it is aimed to reach higher operational performance and lower  operational  costs. Hence, 
digital tools are included and used actively in the development of heat pumps system s. Error! Reference s
ource not found.  shows the concept for developing fast regulating heat pumps.   

 

Figure 22. Concept of development of fast regulating heat pumps based on dynamic modelling. 
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Predictive maintenance of heat pumps complemented by IoT -enabled technologies is already available in 
several technologies offered in De nmark. This includes the solutions offered by Energy Machines, LS-Con-
trol , Neogrid, Nærvarmeværket and METRO-THERM. Remote predictive maintenance en ables the reduc-
tion of operation and maintenance costs by de creasing the number of times that a heat pump requires 
the physical assistance of a service technician and by taking preventive measures before  it is not possible 
to avoid or mitigate  the negative effects of faults  in the heat pump components . R&D projects have also 
aimed at developing predictive maintenance solutions by means of digital tools. In this case, the technol-
ogies under development include digital twins, where the potential effects of fouling can be analyzed and  
predicted based on adaptive model -based frameworks, as well as advanced data-driven methods that are 
able to describe and predict the effect of faults by means of real -time measured data.      

Accessible data is one of the key elements needed towards  the development  of digital solutions support-
ing the sector coupling between electricity and heat sectors . The present review indicated  that  the digital 
data platform from  the company  Center Denmark is used for such a purpose  in several projects. The data 
platfo rm gives consumers in Denmark a direct opportunity for s haring energy consumption and opera-
tional  data with Center Denmark, and hereby facilitating the development of  energy-efficient data solu-
tions in a secure and reliable manner.  Service providers or other stakeholders can then purchase anony-
mized data to develop their solutions. Currently , tens of thousands of Danish households are taking part 
in this scheme, where e.g. data on electricity, heat, water, and indoor climate are shar ed.   

Throughout the review, especially in the R&D projects, a number of different tools for numerical modelling 
of heat pumps were identified. This includes approaches such as white-box or physics-derived models, 
black-box or data -driven models , and grey-box models.  The white-box paradigm is often applied when a 
model is required in the  design of a system and/or its components, or  to analyze the performance  of a 
system and certain phenomena that can be describe d straightforwardly  with physics. Contrarily, black-
box and grey-box models are likely to be applied when simplified representations of reality are sufficient 
or when it is needed to analyze operational conditions that are difficult or impossible to pr edict by physi-
cally-derived representati ons, such as faults and performance degradation. Digital twin frameworks, which 
are under development in multiple R&D projects (see sections 2.2.1 and 2.2.12), may integrate different 
types of modelling approache s, depending on the data availability, type of service, and communication 
constraints, among other factors.   

In the review, it was identified that different stakeholders will need to interact (fast) through different in-
terfaces, e.g over API interfaces, ModBus, MQTT, end-user-apps, and fog/edge-based computing facilities . 
This shows that the industry could overall benefit from making standardized interfaces to avoid having 
various suppliers using and developing each of their own.  More standardized  interfaces could e.g. include 
moni tored data from the heat pump  and the heat demand,  but also electricity and heat ing prices, leading 
to further possibilities for incorporat ing comparison schemes between technologies  in control and mon-
itoring digital interfaces.  Current general issues with this  includes a lack for standards across countries , 
e.g. within the  EU, particularly on  how price signals shall be communicated to the heat pump . Challenges 
for those standards  include considerations about where to best locate price-forecasts, what format it 
should have, what should be  the cost for  access, which areas should be included, and who exactly should  
control the heat pump  without compromising its lifetime? Is it the grid system operator, aggregator, or 
heat pump manufacturer?  The definition of  such standards may contribute to answer those questions  
and may advance towards the  improvement of operati on of  heat pump s and energy systems. 
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The latter models, can also be trained using the 
output from the EMV as input, whe n the drift over 
time is interesting to monitor  (e.g. refrigerant loss 
through leakages, fouling of heat exchangers etc.).  
EMV is not a predictive tool and relies on sensor 
measurements, nevertheless EMV can also be 
applied on modelled  sensors, and may be 
interesting to apply  for simulations of heat  
production  in system simulations, where multiple 
heat pumps are connected through  a thermal grid . 
EMV may find usage even in optimiz ation of heat 
production with respect to balancing electricity 
prices , demand and thermal res ervoir  capacity.  

 

Contact information  

Tobias Dokkedal Elmøe  

tobias.dokkedal.elmoe@energymachines.com  
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Energy Planning and Optimization P latform   

Centrica Energy Trading  

 
Figure 1: Interface of the energy planning and  optimization platform developed by Centrica  Energy Trading.  

Summary of IoT case  

The energy planning and optimization platform 
developed by Centri ca Energy Trading consists of a web -
based API with a data warehouse  system for energy 
route -to -market services . The Centrica Energy Trading  
tool enables an optimal utilization of several asset types  
including  heat pump s for district heating supply . This 
enabl es the optimization of energy consumption  and 
production  earnings as well  as the minimiz ation of  
expensive imbalances .  
 
The platform provides an estimation of the  Power 
consumption, heat production, and COP of the heat 
pump based on forecasted  weather variables such as 
outdoor  temperature, humidity, wind direction and 
speed. In addition, the interface includes estimation of  
the  varying  marginal prices  in different  electricity 
markets.   
 
The services provided by the platform include 
coordinating  heating and elec tricity markets, optimizing  
heat pumps for the provision of frequency regulation 

services and guaranteeing  electricity prices  for large -
scale heat pum ps and other  consumption  systems. 
 
To date, several Danish district heating  supply companies 
have adopted the Energy Planning and Optimization 
platform developed by Centrica. Electricity prices from t he 
Nordic  power exchange  Nord Pool  are analyzed in the 
platform,  including Day ahead s pot, Intraday and 
frequency regulation market s. The platform has enabled 
the correct registration at h ourly level in the spot market 
and minimization of electricity and heat imbalances . 
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Artificial intelligence assisted products  

AI-nergy  

 

Figure 1: Scheme of the heat pump bidding product . 

Summary  of IoT Case  

Two products  from AI-energy  focus on:  
1. Market bidding (pooling) of large -scale (cen-

tral) heat pumps,  
 

2. Sizing and scheduling optimization of end -
user heat pumps.  

 
Bidding of large -scale heat pumps is done based on 
the forecasted heat demand and prices, using stochas-
tic optimization. Bidding procedure also includes the 
operation on secondary (balancing) markets. A web -
based application then delivers the optimal schedule 
for the operation of a day ahead.  Often, it is very lucra-
tive to provide services on different balancing and an-
cillary services markets than to focus purely  on day 
ahead markets and this is what AI -nergy takes into ac-
count in its algorithms.  
 

Sizing and scheduling optimization of end -user heat 
pumps is also done via a web  based application. The sys-
tem can be designed together with the potential PV and 
batter y system for households, as well as with a charger 
for an electric mobility. The optimization engine improves 
its accuracy if the heat and electricity con -sumption data 
is available on a fine resolution.  
 
The platform is run in the cloud, and it can poten tially 
open an API towards the end users. The software architec-
ture includes reading the technology data from databases, 
accessing the smart meter data via an API, reading IoT 
data on the status of the heat pumps and automatically 
generates scheduling proc edures.  
 
The technology is currently being tested on different 
cases, and is currently focused on case studies in Den-
mark. It is planned to expand to different EU countries in 
the future.  
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Contact information  

Dominik Dominkovic  
dominik@ai -nergy.net   
+45 93 51 15 30 

 
 

FACTS ABOUT THE IOT CASE 

IoT Category : Grid services, Optimize heat 

pump operation, sizing of heat pumps  

Goal: Investment costs, operational costs, 

emissions  

Beneficiary: End-users (customers and busi-

nesses) 

Data required: Forecast, grid prices, energy 

consumption/demand  

Data interface:  LAN, WLAN 
Transmission  protocol for data: RestAPI 
Analysis method : Energy balances (real -

time), optimization, data -driven methods  

Modelling requirements: Data-driven, 

white -box 

Quality -of -Service:  Real-time, day -ahead  

Technology readiness level:  TRL 5 

Link to webpage:  

www.ai -nergy.net   
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A key focus of the Center Denmark platform is to deliver a next generation of smart grid solutions, such that the flexibility  in 
integrated energy and water systems can be used for providing low cost grid and balancing  services. The software used by CDK 
is based on open source technologies such as SPARK MLib, Python, Java, and Grafana. The interface with end -users is typically 
set up using APIs.  

 

Figure 2: Data is at the core of the  development, innovation and busines s t hinking at Center Denmark . 

Smart -Energy Operating -System  

At Center Denmark the core idea is to adopt a spatio -temporal thinking where the models, forecasts, etc. are coherent across 
all spatial and temporal aggregation levels; see Figure 3. This is also reflected in the layout of the control room (see Figure 1). 
The setup is taking advantage of a so -called Smart -Energy Operating -System (SE-OS) framework , which is an operating system 
for testing and implementing integrated energy systems for data -driv en operation at all aggregation levels.  

Conventional electricity markets are static curves relating the prices to the volume of produced or consumed electricity, and  
the flexibility is described by the elasticity, which then presumably is assumed constant over time. However, if a supermarket 
has provided flexibility for, say, 30 minutes, then it might not be able to provide the same flexibility for the coming 30 mi nutes 
due to e.g. temperature constraints of the products in the freezer.   

At Center Denmark the Smart -Energy OS facilitates a link between the high -level conventional energy and electricity markets, 
based on bidding and clearing, and the low -level flexibility at supermarkets, houses, industry, etc. The concept of a flexibility 
function, based on models and optimization, is used to establish the link between the high -level markets and the low -level 
physics; see Figure 3.  
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Figure 3: A spatio -temporal hierarchy is the core of the Smart -Energy Operating -System.  

Contact information  

Søren Skov Bording  
soren@centerdenmark.dk  
+45 2340 8612 

Link: https://www.centerdenmark.com/  
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Project: Digital twin s for large -scale heat pump and                                        
refrigeration systems   

 

 
Figure 1: Diagram of the digital twin system operator . 

Summary of IoT case  

Digital twins can be described as adaptable models that 
are able to ad just their structure based on measured data 
from the system they represent. This project aim s to 
reduce the effort to develop digital twins for large -scale 
heat pump and refrigerati on systems. The target groups 
are supermarket refrigeration systems as well as heat 
pumps for district heating systems.   

The digital twins developed in the project are expected to 
have a modular and reusable structure. This will be used 
to provide services such as advanced system monitoring, 
operation optimization as well as fault detection and 
diagnosis. The data used to develop and implement the 
adaptable models may be retrieved from wired sensors 
as well as from IoT -based sensors.  

Digital twins are con ceived as a combination of two 
modelling frameworks, namely physics -based and d ata-
driven models. The first  type  include s simulation models 
that incorporate mass and energy balances, and empirical 
correlations of heat transfer coefficients and pressure 

drops.  On the other hand, d ata-driven models are 
comprised of statistical mo dels and machine learning. 
Such models will be especially useful to describe 
performance degradation of componen ts, predict system  
performance and  optimize set points as well as operation 
schedules.      

Two large -scale heat pump systems are applied as case 
studies to develop and test the digital twins.  These systems 
have rated heating capacities  of  approximately 4 MW  and 
1 MW and  are used for supply of  district heating.  One 
system use seawater as heat source  and ammonia and 
water as working fluids in separate cycles. These cycles 
include reciprocating and turbo compressors, respectively . 
The second case study is an ammonia system  with 
reciprocating compressors  that uses industrial  excess heat 
as heat source.  

Measured data from the case study heat pump s is 
retrieved  from data collection  systems used for  monitoring 
and control . Currently, the digital twins that are under  
development in this project use  measured data from wired 
sensors only. However, it is expected that future  
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http://www.heatpumpingtechnologies.org/annex56/
http://digitaltwins4hprs.dk/


http://www.heatpumpingtechnologies.org/annex56/


http://www.heatpumpingtechnologies.org/annex56/


www.heatpumpingtechnologies.org/annex56/  

 

 

Annex  

56 
Digitalization 

and IoT for 
Heat Pumps  

ability of the system to support real control applications 
was demonstrated.  

Contact information  

Jan Eric Thorsen, Danfoss AS, Nordborg, Denmark  
jet@Danfoss.com  
 
Lars Finn Sloth Larsen, Danfoss AS, Nordborg, 
Denmark . 
lars.larsen@danfoss.com  
 
Yi Zong, DTU Wind and Energy Systems, Risø, 
Denmark . yizo@dtu.dk  
 
Brian Elmegaard,  Wiebke Meesenburg,  DTU 
Construct, Kongens Lyngby, Denmark .  
be@dtu.dk , wmeese@dtu.dk  
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Smart -Energy Operating -System (SE-OS) fra m ework  

 

Figure 1: The Smart -Energy Operating -System (SE-OS) for digitalization of integrated energy systems . 

Summary  

The Smart -Energy Operating -System (SE-OS) is a framework for digitalization and implementation of smart energy solutions , 

including the use of heat pumps . Also connections to the energy related part of e.g. water and food processing systems are 

included. The SE-OS framework consists of both direc t and indirect (mostly price -based) control of the electricity load , heat 

load, etc. in integrated energy systems. The system has embedded controllers for handling ancillary service problems in both 

electricity and heat grids. The entire setup of the SE -OS includes all levels of computing (cloud, fog, edge). The distributed  setup 

of computing and data includes edge computing near the IoT devices. The SE-OS framework is used in the  central data and 

cloud hub Center Denmark which is a n European Digital Innovation Hu b that is used for digital business models aimed at 

providing new data -driven services for the energy and water sectors  (https://www.centerdenmark.com/en/ ) 

A hierarchy of optimization and control problems  

The SE-OS, as shown in Figure 1 (this version of the SE -OS has a focus on electricity), is built as a hierarchy of four nested 

stochastic optimization and control layers representing aggregated consumption on various spatial and temporal scales. 

Today, the framework is used in several European projects for optimized operation of  heat pumps and IoT devices. Within e.g. 

the CITIES project (https://smart -cities-centre.org/ ), the SE-OS has been used to implement flexible and smart grid enabled 

solutions f or heat pumps, wastewater treatment plants, super markets, HVAC systems, indoor comfort, etc. Please see the 

homepage for specific examples.  
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Multi -level control and markets  

Ultimately the purpose of the future smart energy system is to establish a connection between the controllers related to IoT 

devices operating at local scales, and high -level markets, which obviously is operating at large scale. Essentially a spectrum of 

all relevant spatial aggregation levels (building, district, cit y, region, country, etc .) has to be considered. At the same time control 

or market solutions must ensure that the power system is balanced at all future temporal scales. Consequently, data -intelligent 

solutions for operating flexible electrical energy syst ems have to be implemented on all spatial and temporal scales.  

Traditionally power systems are operated by sending bids to a market. However, in order to balance the systems on all relevan t 

horizons several markets are needed. Examples are day -ahead, intra -day, balancing and regulation markets. The bids are 

typically static consisting of a volume and duration. However, the Smart -Energy OS provides new and efficient methods for 

activating low -level flexibility. Given all the bids the so -called supply and dem and curve for all the operated horizons can be 

found. Mathematically, these supply and demand curves are static and deterministic. Merit order dispatch is then used to find  

the optimal cost and volume. However, if the production is from wind or solar power , then the supply curve must be stochastic. 

In the future demand response will play an important role, and on the demand side the needed electricity depends on the 

history. If, for instance, a supermarket has reduced the electricity load for an hour, then the temperature constraints of the 

freezers etc. implies that the supermarket might have difficulties in reducing the electricity for the next few hours. 

Consequently, the demand flexibility has to be described dynamically. Mathematically, a so -called Flexibility Function is 

introduced, and this function is a core element of the SE -OS framework.  

Summing up, new digitized markets need to be introduced, which are dynamic and stochastic , and instead of using a large 

number of markets for different purposes (frequency, voltage, congestion, etc.) and on different horizons, a concept based on 

the flexibility function and stochastic control theory  is suggested . Zooming out in space and time, i.e.  and consider the load in 

a very large area on a horizon of days, or maybe next day, then both the dynamics and stochasticity can be eliminated, and 

hence, a conventional market principles as illustrated in Figure 2  can be used . Zooming  in on higher temporal and spatial 

resolutions (like for instance a house), the dynamics and stochasticity become important, and consequently the use of control -

based methods for the flexibility  is suggested .  

 

                       

 

 

 

 

 

 

 

 

 

 

Figure 2: Hierarchical control and markets.  
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The total setup consists of a combination of all these options, and the best option depends on the zoom level. The conclusion  

is that a new future digitized refined market  principles  is needed , which operate as a hierarchy of conventional market -based 

bidding and clearing on the higher levels and control -based approaches on the lower level.  

All these principles for forecasting, control , and optimization  are included in the Smart -Energy Operating -System (SE-OS), which 

is used to develop, implement and test solutions (layers: data, models, optimization , control, communication) for operating 

flexible electrical energy systems at all scales.  

Data -driven digital twins (grey -box models)  

The models used for forecasting, control and optimization within the SE -OS framework are most often so -called data -driven 

digital twins or grey -box models. These models are optimized for re al-time operations, and most importantly these models 

are optimized for assimilating information from available sensors into the model parameters.  

This is illustrated by the red dashed line on Figure 3 which aims at illustrating that the used data -driven d igital twins or grey -

box models are simplified models of the considered system (building, wastewater treatment plant, heat pump, etc.). Please 

see the references for more information.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3:  Grey -box models  and  data -driven Digital Twins.  
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Project: Combined Optimization of Heat Pumps and Heat Emitting Systems 

(OPSYS 2.0) 

 

Figure 1: Principle sketch of experimental setup  (on the test rig PV and battery are virtual ).

Summary of project  

The aim of the project is to increase the efficiency 

of both existing and new heat pump installations 

by developing a control kit that can optimize both 

the forward temperature from the heat pump 

and the flow rate through the heat emitti ng 

system, which is to be done by developing a 

control system capable of:  

�x Creating flexibility services for the 

stabilization of the electricity grid.  

�x Optimizing the self -consumption of PV 

generated electricity on private houses 

and/or avoid curtailment.  

Heat pumps are intended to play a major role in 

the transition  to renewable energy sources (RES) 

due to their high efficiency and ability to  provide 

energy flexibility for stabilization of the future 

energy system with much RES. However, a survey 

has showe d that only around 16 % of the heat 

pumps installations could be categorized  as 

�
good �������D�V��e.g. the regulation of the heat pump  is 

not optimal  as the forward temperature often is 

too  high.  

 Although heat pumps in principle can be 

controlled according to the amount of RES in the 

system, only little energy flexibility can be 

provided, as the control of the heat pumps and 

the heating systems  often  is not coordinated. The 

Combined Optimization o f Heat Pumps and Heat 

Emitting Systems concept  (OPSYS) optimizes the 

performance of the heat pump installations via 

optimized control of the forward temperature 

and the flows in the system by controlling both 

parameters in accordance with the heat demand, 

the weather, and electrical grid needs.  

Another important feature of the OPSYS concept 

is that it may increase self -consumption from on -

site PV systems. The goals for the project include 

system-wide optimization of a house as energy  
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Figure 2: Simple representation of the controller . 

consumer and producer by using control 

strategies for optimizing the self -consumption of 

PV electricity. The concept also includes  utiliza -

tion of storage in thermal mass and electric 

batteries.  

The setup for the OPSYS test rig, can be seen in 

Figure 4. It can here be seen how the tempera -

ture control is performed by inputs from floor 

and room models, with feedback from the 

physical system.  The house model  (see figure 3)  

is developed in Dymola (Modelica) and imbedded 

in a python script as a FMU (Functional Mock -up 

Unit). The house model includes all constructions 

of the house , the underfloor heating system of 

the four rooms, internal gains (people and 

appliances), externa l gains (solar radiation 

through windows), and the ambient tempe -

rature.  

 

Figure 3: House model in Dymola . 

 

Figure 4: Physical and simulation system.  

The control of the underfloor heating system will be a 

self-learning, dynamic and modulating type. This 

means that no complex manual fine -tuning is needed, 

and the flow is kept on the right level independently 

of the number of open circuits. The modulating 

approach secures the desired average valve settin g by 

pulsing the power to the telestats (and later control 

thermostats on radiators) in order to obtain a desired 

opening degree of the valves . 

Learnings  and results  

The experimental platform at DTI has been 

modified and adjusted to overcome some 

regulation instability issues . It was necessary to 

install a large brine buffer tank and after that the 

test rig is operational , however the PV system is yet 

to be simulated i n detail . 

The controller has also been installed in a real 

house w ith heat pump and a PV system. A number 

of pract ical problems related to communication 

with sensors has been observed. This house has 

been monitored for a while and results compared 

with the theoretical room temperatures calculated 

in the FMU house mo del. The project has been 

extended to allow measurements through a full 

heating season.  
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One part of the experiments is with pulsed 

operation of  the regulation valves in the heating 

system which has been  successfully carried out . 

The preliminary  results sh owed a little advantage 

compared to on/off operation . 

 

Contact information  

Ivan Katic 

Danish Technological Institute  

ik@teknologisk.dk  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FACTS ABOUT THE PROJECT 

IoT Catagory : Optimize heat pump operation   

Goal: The goals for the project include system -

wide optimization of a house as energy 

consumer and producer by using control 

strategies for optimizing the self -consumption 

of PV electricity.  

Beneficiary : End-user . 

Data required: Electricity prices, dynamic 

carbon intensity of power, grid tariff signals, 

weather data, operating data from heating 

system. 

Analysis method : Model predictive control 

strategy  

Modelling requirements: Dynamic self -

learning models.  

Quality -of -Service:  Real-time . 

Project participants: Danish Technological 

Institute, Neogrid, Aalborg University, Wavin,  

Bosch 

Time schedule : 2019-2023. 

Technology availability: TRL8 for control kit 

and TRL7 for the optimized control for grid 

interaction and increased self-consumption of 

PV electricity  

Link to webpage s: 

https://www.teknologisk.dk/projekter/projekt -

opsys-2-0/40581  
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Cool -Data  

 

Figure 1: Cool -Data Overview  

 

Summary of IoT case  

Cool-Data develops, assesses, and implements an AI -

based modular, flexible, secure, and reliable inte-

grated cooling energy system for data centers . 

 

With the integrated flexible solution, Cool -Data aims at 

significantly reducing the energy need and cost for 

cooling data centers  and actively participates to mini-

mizing the carbon footprint  of the sector.  The inte-

grated cooling solution supports the utilization of elec-

tricity from renewable energy sources by storing sur-

pluses in time in PCM (phase changing materials) stor-

age units. This allows the decarbonized surplus heat 

generated by the d ata centers  to be used and valorized 

in district heating  with the help of heat pumps .  

 

By using Artificial Intelligence and s mart controllers 

that connect the cooling equipment and the PCM stor-

age, a modular cooling solution capable of responding  

to reliability requirements in data centers and  

minimizing  the cost for cooling  is obtained.  By doing 

so, the Cool Data  project  targets up to 80  % energy ef-

ficiency gains in data centers, resulting in severely lim-

�L�W�L�Q�J���W�K�H���F�X�U�U�H�Q�W���L�P�S�D�F�W���R�I���W�K�L�V���V�H�F�W�R�U���V���J�Uowth on car-

bon emissions.  

 

Moreover, Cool -Data enables UPS systems to access a 

new revenue as Frequency Containment Reserve in 

the balancing market. There is the possibility to sell 

UPS reserve power and storage  that is not used for the 

data center  operation as FCR while ensuring the relia-

ble operation of the data center.  The pro of operating 

as FCR is that prices are favorable, but the main down-

side is the difficulty to forecast the balance market.  

Cool-Data also assess the business and environmenta l 

benefits of scaling up the solution in terms of  energy 

efficiency , flexibility, excess heat utilisation , and CO2 

reduction . 
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Cool-Data is a research project funded by Innovation 

Fund Denmark led by DTU Compute and involving 8 

partners in Denmark : 

�x 3 research groups: DTU Compute , DTU Civil 

Engineering, DTU Management  

�x 1 non-profit research institute: Center Den-

mark  

�x 2 Danish manufacturers: EnergyCool and 

Purix  

�x 1 air traffic controller : Naviair  

�x 1 Danish district heating utility: GEV  

 

Learnings  and results  

A reinforcement learning algorithm was successfully de-

veloped, and it managed to keep the server rack temper-

ature at 30  °C by using the cooling equipment in an effi-

cient way.  

A pilot storage set up using paraffin has been already 

studied. It consists of 8 kWh storage capacity and 115 li-

ters of PCM. Currently, the design is being optimized fur-

ther.  

Contact information  

Dominik Dominkovic , Cool-Data DTU 

dodo@dtu.dk 
+45 93511530 

 

 

 

 

 

 

 

FACTS ABOUT THE PROJECT 

IoT Catagory : Optimize heat pump operation  

Goal: Reducing the energy need and cost for cool-

ing data centers and actively minimize the carbon 

footprint of the sector.  

Beneficiary : Data centers  

Data required: Data center cooling requirements, 

balancing market prices  

Analysis method : energy balances  and control 

engineering  

Modelling requirements: stochastic  MILP  

Quality -of -Service:  nearly real time  

Project participants: DTU Compute, DTU Civil 

Engineering, DTU Management, Center Denmark, 

EnergyCool, Purix, Naviair, GEV 

Time schedule : 01/09/2020 �:  31/08/2023  

Technology availability: TRL 6  

Link to webpage s: 

https://cool -data.dtu.dk/  

https://www.linkedin.com/company/cool -data/   
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Project: Experimental development of electric heat pumps in the Greater 

Copenhagen DH system ( SVAF phase 2)  

 

Figure 1: 5 MW thermal  heat pump system for district heating in Copenhagen [Source: HOFOR].

Summary of project  

The overall purpose of the project is to accelerate 

the use of large electric heat pumps (HPs) for 

district heating (DH) through industrial co -

operation, research and experimental devel -

opment. The project is the second phase of the 

total project, which includes large -scale HP 

investments carried out to demonstrate optimal 

design, smart system integration, cost efficiency 

and climate benefits . 

Large electri c HPs are expected to play an 

important role towards CO 2 neutral DH systems. 

The HPs can make up a significant supplement to 

heat production on biomass, and furthermore, 

electric HPs, when operated in a smart way, can 

support wind power integration in the overall 

energy system.  

This project addresses the main barriers in order 

to accelerate the use of HPs using natural 

refrigerants in the DH sector through the 

development of optimized HPs for system 

integration with improved cost efficiency and 

with potenti al for scaling up concepts to 50 -100 

MW. The demonstration heat pump built can use 

both seawater and waste water as heat sources, 

and can be seen in Figure 1. The sys tem consists 

of two parallel 2 -stage heat pumps with NH 3 as 

working fluid.  

A key focus in the project is monitoring and set -

point tuning of large -scale HP systems, where two 

different approaches will be evaluated:  

�x HP AutoTune - for continuous optimiza -

tion of operating conditions (see Figure 

2). 

�x HP Doctor - for monitoring purposes and 

fault detection (see Figure 3). 
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Figure 2 �� Concept for HP AutoTune . 

 

Figure 3 - Concept for HP Doctor .
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The HP AutoTune concept to be develop ed in the 

project is to guide the heat pump installation to 

always have the highest available COP,  and 

through all operating  conditions. The HP 

AutoTune will be investigated in the project 

through different  approaches. The first is based 

on IWO (Invasive Weed Optimization) approach 

and the second on use of analytical equations : 

HP AutoTune - IWO 

In this approach, a number of system control 

loops have been chosen. Each of these control 

loops have a set point which is accessible from 

the IWO. The main goal is t o optimize the COP at 

all times,  and this is done by the IWO by changing 

one set point at a time and register the change in 

COP. If the result is improved COP, the change is 

kept and otherwise the set point is returned to 

the original value. The IWO then c ycle through the 

selected set points and thereby gradually 

optimize the total COP of the system aiming at 

finding the top of the COP curve in the allowed 

operating domain (see Figure 4).  

 

Figure 4 - Concept for optimum COP based on IWO.  

HP AutoTune �� Analytical 

The second approach is to develop equations for 

the components included in the control loops e.g. 

heat exchangers, compressors, pumps etc. The 

equations consist of constants independent of 

operating  condition and variables dependent of 

the running conditions. By differentiating the 

equation and set equal to zero a general equation 

can be developed for the optimum condition of 

the control variable. This equation contains 

constants and variables. At start -up of the heat 

pump plant with the system tuned in to the 

design conditions , the coefficients in these 

equations can be found. When running with the 

system off design, the equations with the 

established constants is used to calculate th e 

optimum set points.  It is also an option to 

investigate set -point tuning done in manual 

model.  

The HP Doctor concept is intended to monitor the 

heat pump running with highest COP adjusted by 

the HP AutoTune. At start up with new and clean 

system a start -up procedure is performed where 

the heat pump runs through the operating range 

and collects measu red values for the different 

components in the heat pump and saves them to 

a database. Equations for the efficiency of 

dif ferent  components are developed and the 

efficiency for each component is calculated and 

stored in the database. Later, when the heat 

pump is released to normal duty the HP Doctor 

will continuously  calculate the efficiency and 

compare the stored values. The HP Doctor can 

then a lert the operator of possible loss of 

efficiency or of a threatening system failure.  

A test campaign has been car ried out in Q1 2022 

to  evaluate HP AutoTune . These tests were short 

term tests, in which one parameter was changed 

at a time and its influence on COP was measured. 

In total 6 different parameters were studied , from 

which flows in  different  heat exchangers and load 

repartition between stages of the heat pumps.  A 

difficulty encountered was the fluctuation of the 

COP throughout the day. Indeed, short term test s 

were carried out during up to 3 days, and the 

influence of a specific value of a pa rameter was 

observed on a few hours. The COP being highly 

dependent on other conditions, such as 
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temperatures of the sources and of the district 

heating  (DH) water, a method should be found to 

isolate the studied parameters influence. A 

regression of COP d uring normal operation 

(outside tests) was made to  compare COP during 

tests with expected COP (as it should be during 

normal operation). This regression is dependent 

on temperatures on the source side and on the 

DH side, as well as the compressor s capacity . 

With this expected COP, it was much easier to 

evaluate the impact of one parameter on the 

COP. For example, as presented on Figure 5, the 

impact of the water flow through the 

desuperheater of heat pump 2 was studied. The 

results show that the higher the flow, the higher 

the performance.  

 

Figure 5 - Use of the regression to evaluate 
influence of water flow through desuperheater  

Other short -term  tests will be run in Q4 2022 in 

order to study the influence of other parameters, 

such as liquid level in evaporator separator or 

water flows on the source side.  

A test campaign for evaluating HP AutoTune and 

HP doctor is planned for Q1 202 3. 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Contact information  

Jóhannes Kristófersson,  

Danish Technological Institute  

jkri@teknologisk.dk  

FACTS ABOUT THE PROJECT 

IoT Catagory : Optimize heat pump operation  

and predictive maintenance.  

Goal:  The goals for the projects includes 

development of concepts regarding optimizing 

the operating conditions of the heat pump and 

monitoring of the heat pump in order for giving 

notifications when the heat pump is ill and points 

out the component causing the illness. 

Beneficiary : Operater . 

Data required: Operating data for the heat 

pump.  

Analy sis method Invasive Weed Optimization 

and development of analytical equations for 

COP optimization based on operati on in design 

point.  

Modelling requirements: Development of 

equations for components included in the 

control loops  

Quality -of -Service:  Real-time . 

Project participants: Danish Technological 

Institute, HOFOR, CTR, VEKS, Vejlegårdens 

Fjernvarmecentral, COWI, Innoterm, Dansk Miljø- 

og Energistyring, Alfa Laval, and DTU. 

Time schedule : 2016-2023. 

Technology availability: TRL 5-6. 

Link to webpage s: 

https://www.dti.dk/projects/project -

experimental -development -of -electric -heat -

pumps -in-the -greater -copenhagen -dh-system-

phase-2/37419?cms.query=svaf+  
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Figure 1: Project about RD&D Strategy and Roadmap for Information - and communication technology in the heat pump area . 

Summary of project  

The main purpose of the project was to strengthen the 

development and implementation of information  and 

data communication technology (ICT) and infrastructure 

in the area of individual heat pump s. Hence, the project 

covered data communication from household heat 

pump installations to the central systems �� at distribu-

tion system operators, electricity supplier s and other 

service providers . 

The project focu sed on knowledge sharing and was cen-

tered around state -of-the -art  research, development , 

and demonstration (RD&D), standardization and testing 

facilities which ha ve resulted in a RD&D Strategy and 

Roadmap for ICT in the heat pump area.  

Together with up -to date knowledge within standardiza-

tion and RD&D, this roadmap can be utilized by potential 

new projects within the area. The development of strat-

egy and roadmap were  done in close cooperation with 

the ICT- and heat pump industry, and at the same time 

the strategy was conveyed to the broader energy and 

Smart Grid industry.  

 

 

The projects consist ed of 5 work  packages: 

�x WP1: Inputs to standards . Mapping of relevant 

standards, and inputs for future standardiza-

tion work . 

�x WP2: Test environment s. Field test and m ap-

ping of relevant test facilities in Europe.  

�x WP3: Development of da tahub for heat pump . 

�x WP4: Knowledge sharing  about ICT within R&D 

projects and development of roadmap and 

strategy . 

�x WP5: Future organization  of activities and 

within the co-operative  �
Andelsselskabet Intelli-

gent Energistyring ��. 

Learnings  and results  

WP1: 
 
The participants are involved in various national and in-
ternational working groups about standardization  and 
ecodesign directives, and would like to influence the ex-
isting standards in order to better take smartgrids and 
data  communication for heat pumps into account. Focus 
in WP1 was especially on existing testing standard 
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should support one combined test of the heat pumps 
energy performance together with the products data 
communication . Some of the most important standards 
identified were : 

�x IEC 61850-8-2, Standard for data communication: 
Communication networks and systems for power 
utility automation �� Part 8-2: Specific Communica-
tion Service Mapping (SCSM) �� Mapping to Extensible 
Messaging Presence Protocol (XMPP) 
 

�x DS/EN14511: Air conditioners, liquid chilling pack-
ages and heat pumps with electrically driven com-
pressors for space heating and cooling  
 

�x DS/EN14825: Air conditioners, liquid chilling packages 

and heat pumps, with electrically driven compres-

sors, for space heating and cooling �� Testing and rat-

ing at part load conditions and calculation of seasonal 

performance  

 

�x DS/EN16147: Heat pumps with electrically driven 

compressors - Testing, performance rating and re-

quirements for marking of domestic hot water units  

Beside these standards  �W�K�H���L�Q�W�H�U�H�V�W�L�Q�J���
�6�*���5�H�D�G�\�����V�S�H�F��

ification from Bundesverband was introduced  at this 

time,  which specifies the communication between a 

heat pump and a service provider. This specification is 

howe ver not standardized. From the review it  was con-

cluded , that both data communication standards and 

conformance testing standards need to be addressed as 

soon as possible as a joint European standardization ef-

fort, which was communicated to the committee 

CEN/TC113 on Heat pumps and air conditions units.  

From the mapping it is was furthermore concluded that  

if a heat pump shall be used for other business services, 

the heat pump manufacturers need to open op for more 

�$�3�–���V�����L�Q���R�U�G�H�U���I�R�U���H�[�W�H�U�Q�D�O���V�W�D�N�H�K�R�O�G�H�U�V���W�R��obtain  an ex-

tended communication with the heat pump.  

It was also identified  that the Danish standar d DS 469, 

which states that heat pump must be able to cover the 

heating demand for a house down to 7 °C without the 

use of a heating element, in some cases can lead to a 

lower efficiency . In other cases it can lead to  a faster re-

sponse to a smart grid as t he heat  pump  is designed 

with a higher capacity th an before . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

WP2: 

In WP2 a field test was made for a heat pump with the 
�
�6�*�� �5�H�D�G�\���� �V�S�H�F�L�I�L�F�D�W�L�R�Q����According to the specification  
the  heat pump must be equipped with 2 digital control 
signals (2 bit protocol) which control the heat pump to 
operate in one of the following four modes:  

�x Normal operation  
�x Must stop  
�x High 
�x Must max  

 

The SG Ready specification �V�S�H�F�L�I�L�H�V���W�K�D�W���W�K�H���
�0�X�V�W���V�W�R�S����
mode as a maximum can be 2 hours, but other than that 
there are no details about how the electrical behavior of 
the heat pump in the transition between the different 
operation modes.  
 
Ideally, an aggregator with authority to remote control 

the heat pump would like the heat pump to immediately 

react on a control signal , to accommodate the demands 

FACTS ABOUT THE PROJECT 

IoT Category: Mainly g rid services . 

Goal: Improved information - and data commu-

nication infrastructure within the area of indi-

vidual heat pumps to support flexible operation 

in smart grid systems.  

Beneficiary: User, aggregators, DSO. 

Data required: HP operation data, grid prices . 

Analysis method: Data analytics, model - and 

control engineering . 

Modelling requirements: Dynamic models, di-

agnostics , data-driven.  

Quality -of -Service:  Real-time.  

Project participants: Insero, Eurisco, Danish 

Technological Institute, Neogrid Technologies 

Andelsselskabet Int elligent Energistyring Amba.  

Time schedule : 2014-2017. 

Technology availability: TRL 7. 

Funding:  ForskVE (Energinet.dk) 

Link to webpage:  

https://energiforskning.dk/en/node/15330  
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for regulation of the electrical grid. In practice, t here  is 

however some challenges with this when using the SG 

Ready specification, for example  that  the specification 

does not specify a reset of the blocking of the heat pump 

after a shutdown, which the manufacturer has encoded 

in the heat pump. If the aggregator controls a pool of 

heat pumps this is not necessarily a problem, however if 

only one heat pump is controlled it would not be able to 

participate in the grid event on t he desired point in time.   

In the field test i t was tested how the heat pump reacted 

�Z�K�H�Q�� �W�K�H�� �
�P�X�V�W�� �V�W�R�S���� �R�S�H�U�D�W�L�R�Q�� �Z�D�V�� �V�Z�L�W�F�K�H�G�� �R�I�I���� �–�Q��

general the SG Ready specification does not specify de-

tails how the heat pump should react on the control sig-

nal, and it is up to the heat pump manufacture r them-

selves to define this. This means , the aggregator needs 

to modify its smart grid control to many different prod-

ucts which is not optimal . 

The result from the field test showed that the 2 -bit con-

trol concept is applicable to remote control a heat pump, 

however,  some issues were observed during the field 

test. Among other things , that the heat pump after a 

shutdown was locked for 20 min in all  conditions, and 

that the integral function of the degree minutes (a meas-

urement of the current heating requirement in the 

house) was reset.   

From the fiel d test it was concluded that to be able to 

efficient ly control the time  for operation  and electrical 

power use in the heat pump the  SG Ready specification 

was inadequate . Only the Must stop function guaran-

tees a reduction in po wer use. The increase in power up-

�W�D�N�H�� �Z�K�H�Q�� �V�Z�L�W�F�K�L�Q�J�� �W�R�� �
�+�L�J�K���� �R�U�� �
�0�X�V�W�� �P�D�[���� �R�Q�O�\�� �L�Q��

creased the power use momentarily if certain i nternal 

requirements was met in the heat pump, and if there is 

a heating demand in the house. The tested heat pump 

was an on/off controlled heat pump. If a frequency -con-

trolled  heat pump was used , it is expected that the heat 

pump better would be able to i ncrease its power con-

sumption instantaneously. It is however still required 

that there is a heating requirement in the house  in order 

to be able to take up the heat from the heat pump. This 

problem could be reduced if the SG Ready specification 

also set re quirement to a certain heat storage  capacity  

for the heat pump installation , in order to issue a SG 

Ready specification  for a heat pump . 

WP3: 

The developed principle for the datahub made in WP3 is 

shown in Figure 2. 

 

Figure 2: Principle for heat pump datahub  (high level) . 

The developed principle includes several stakeholders 
with the following roles:  
 

�x End-user: Seeks optimal indoor climate with low cost 
and high energy efficiency.  

�x Manufacturer of heat pump:  Needs remote data for 
maintenance of heat pump  

�x Aggregator:  Owns and o perate a n IT system which 
can automatize the technical data collection and con-
trol the pool of heat pumps.  

�x Service provider:  Sells services to the end user, e.g. 
smart control of the heat pump in relation to comfort 
and the electricity market.  

�x Balance responsible  for the electricity grid : Has ac-
cess to the electricity market regarding production 
and consumption, and hence is connected to the ser-
vice provider.  

�x Heat pump datahub:  Central data register  with user 
accessible data for the heat pump.  

�x National datahub:  Central and independent IT system 
to handle measurement data and business pro-
cesses.  

�x Net company: Responsible for reading and sharing of 
measurements from electrical meters to the national 
datahub.  

http://www.heatpumpingtechnologies.org/annex56/
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WP4: 
 
In th e strategy and roadmap  work  for expanding heat 

pumps potential for flexible use of electricity, the follow-

ing points were  identified as key enablers : 

 
�x Increased economic incentives with higher focus in 

variable electricity prices.   

�x Simplified administration  and procedures for sepa-

rate  final settlements  of heat pumps energy produc-

tion  and use.  

�x Implementation  of standards for  communication on 

an internat ional level.  

�x Smart grid  hardware and software  needs to be devel-

oped further , and integrated in the control of the heat 

pumps  and be a requirement for  subsidi es.  

 
WP5: 
The activities  and knowledge base  from HPCOM w ere in 

a longer period continued on the ho mepage 

www.hpcom.dk . However , the co-operative  �
Andelssel -

skabet Intelligent Energistyring  was not continued after 

the project , as the electricity market at the time of the 

end of the project (2017) had relatively small variations. 

In addition to this, the legislation at this time did not cre-

ate a high enough push for this kind of platform. Instead 

the heat pump manufactures have to a higher degree 

develope d each of their own smart grid solutions, com-

pared to a more shared platform.  

Contact information  

Claus S. Poulsen, Danish Technological Institute  

csp@teknologisk.dk  

+45 72 20 25 14 

http://www.heatpumpingtechnologies.org/annex56/
http://www.hpcom.dk/
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Project: Flexible Energy Denmark (FED)  

 

Figure 1: Flexible Energy Denmark establish the tools and solutions for enabling the end -user flexibility 
for large -scale integration of wind and solar energy . 

 

Summary of project  

In the FED project we analyze large amounts of 

consumer data and consumer behavior . The 

ambition is to enable the development of digital 

solutions that are capable of adjusting the power 

consumption to fit the power production �� among 

other things by use of Machine Learning and 

different tools for handling Big Data. In FED we 

develop me thods for forecasting of wind and 

solar power production, as well as methods for an 

efficient integration of the renewable energy 

production by a next generation of controllers for 

heat pumps, supermarket cooling, wastewater 

treatment, district heating ope ration, and for 

using buildings as energy storage solutions in an 

integrated energy system.  

A key focus of the FED project is to deliver a next 

generation of smart grid solutions, such that the 

flexibility in integrated energy and water systems 

can be used for providing grid services.  

�$�V���D���U�H�V�X�O�W�����'�H�Q�P�D�U�N���V���Q�H�Z���Q�D�W�L�R�Q�D�O���U�H�V�H�D�U�F�K���I�R�U��

green transition, Center Denmark, is also among 

the partners in the FED project. Their role will be 

to make the knowledge that the FED project 

creates available to the entire energy sector in 

Denmark. This will allow the solutions and results 

of the project to be applied as widely as possible.  

Example: Heat pumps in summer houses 

with a swimming pool   

In 2020 in Denmark, approximately 10 % of the 

available wind power generation  was lost, and in 

2021 the fraction of lost green energy production 

will increase; for the last few months about 16 % 

of the available wind power was lost.  
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Figure 2: Predicted carbon intensity (green) and periods at which the heat pump is turned on (orange). The 

installation is located in Denmark.  

Summer houses with a swimming pool consume 

substantial amounts of electricity for the heating 

and humidity control. In the FED project we are 

using the flexibility of summer houses to lower 

the carbon emission and for providing grid 

services.  

The electric ity demand from summer houses is 

particularly flexible. For example, swimming pools 

have a large thermal mass, thus, the load to heat 

pool water can be disconnected or shifted with 

little consequences on the comfort of the 

occupants. This makes them partic ularly well -

suited to the provision of ancillary services and 

balancing. Field testing of the proposed setup 

involves a small but representative number of 

summer houses. For this living lab in FED it has 

been decided that 15 houses, located in Blåvand 

in Denmark, would be enough proof -of -concept.  

Using the Smart -Energy OS (SE-OS) the CO2 - or 

price -based indirect control provides a setup for 

storing excess wind and solar power, and at the 

same time the setup can provide services for the 

smart grids. Here th e Distributed Energy Sources 

(DERs), i.e., swimming pools, after receiving the 

control signals, calculate: i) the optimal con -

sumption profile within the forecast horizon, and 

ii) the set -point for the thermostat of each 

individual summer house. The contro l signal is 

based on the grid load forecasts, electricity price 

or CO2 forecasts, weather forecasts from ENFOR 

(forecast provider), and booking information from 

NOVASOL (summer house rental company).  

The results show that , depending on the actual 
layout of the summer house,  we are able to save 
15-30 % CO2 emission or similar cost savings with 
the smart control of the heat  pump, and at the 
same time we can provide both balancing and 
grid services.  Please see figure 2 for predicted 
carbon intensity and periods for heat pump 
operation.  
 
The energy consumption may at the same time 
increase with  5 % - but in a low CO2 emission or 
cost period.  
 
A similar technology can be used to control heat 

pumps e.g. in district heating networks. Using 

forecasts and model predictive control the water 

is heated when the CO 2 emission or price is low.  

The setup is a part of Uni -Lab.dk under Center 

Denmark, and a living lab under the Flexible 

Energy Denmark project .  
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Contact information  

Henrik Madsen  

hmad@dtu.dk  

+45 20 83 43 04  

 

 

 

FACTS ABOUT THE PROJECT 

IoT catagory : Grid services, optimize heat 

pump operat ion, grid services, cloud -based 

solutions.  

Goal:  Minimize cost and emission while 

optimizing the comfort . 

Beneficiary:  Many options.  

Data required:  Weather forecasts, CO 2 

emission, price and load forecasts.  

Analysis method: Cloud based solution 

using forecasting and model predictive 

control.  

Modelling requirements:  Grey-box or data -

driven digital twin models are needed.  

Quality -of -services:  Near real -time . 

Project participants:  Several network 

opera tors and balance responsible parties. 

Forecasting and control providers.  

Time schedule:  2019-2023  

Budget:  45 mio. DKK. 

Technology availability:  TRL 7 

Link to webpage:  

https://www.flexibleenergydenmark.com/  

https://www.flexibleenergydenmark.com/
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Project: RES4BUILD - Renewables for clean energy 

buildings in a future power system  

 

Figure 1:  Concept overview for components in the RES4BUILD energy system.

Summary of project  

RES4BUILD, a Horizon 2020 project , is develo ping 

renewable -energy -based solutions for de car-

bonizing the energy used in buildings. The 

approach of the project is flexi ble, so that the 

solutions are applicable to a wide variety of 

buildings, new or renovated, tailored to their size, 

their type and the climatic zones of their location.  

In the heart of the solution lies an innovative 

multi -source heat pump with a cascadin g 

configuration, including a magnetocaloric (bot -

tom cycle) and a vapor compression heat pump 

(top cycle). The heat pump will be integrated with 

other technologies in tailor -made solutions that 

suit the specific needs of each building and its 

owners/users.  

These technologies will be selected on a case -by-

case basis from a mix of standard equipment 

available in the market and from novel 

components that will be specifically explored 

within the project.  

The novel components include innovative collectors 

that integrate in one panel photovoltaic cells with 

solar thermal energy collectors (PV/T) , a borehole 

thermal energy storage (BTES)  and a Magnetocaloric 

heat pump (MCHP) . For all solutions, advanced 

modelling and control approaches will be developed 

and will be integrated in a Building Energy 

Management System (BEMS). This will allow the 

users to select their objectives and to optimize the 

use of the system  accordingly, thus exploiting the full 

value of their demand flexibility.  

The project adopts a co -development approach, 

where the end -users and other relevant stake -

holders are engaged in an interactive and iterative 

process, resulting in a co -designed RES4BUILD sys-

tem that  meets technical and non -technical user and 

installer re quirements. In parallel, a full life cycle 

assessment (LCA) and life cycle economics (LCE) 

analysis will be carried out, showing from an early 

stage the real impact of each proposed design. The 

diverse consortium and the dedicated 

http://www.heatpumpingtechnologies.org/annex56/


www.heatpumpingtechnologies.org/annex56/  

 

 

Annex  

56 
Digitalization 

and IoT for 

Heat Pumps  

 

exploitation tasks will connect the project with 

the market, paving the way for wide application 

of the developed solutions.  

Two pilot systems will be constructed focus ing on 

integrated systems where the innovative 

components of RES4BUILD are combined with 

the advanced control  delivered by Thermovault . 

The two pilot  systems will be developed in 

Denmark and Greece , respectively  at the Danish 

Technological Institute  (DTI) and at National Cen -

ter for Scientific Res earch Demo kritos ( NCSRD). 

The two pilot systems have many similarities 

since the general purpose is to validate the 

concept in two locations with different building 

energy needs  and climate  conditions.  A major 

difference between the two pilot systems will be 

the  heating/cooling demand, since t he pilot 

system at NCSRD will be a real building  

corresponding to a small office  building , while the  

pilot system at DTI  will be installed in the 

laboratory and therefore  the demand will be  

simulated with the use of a virtual building , 

modelled in Modelica by  the company  VITO 

Energyville . Both pilot systems will be  tested over 

a one-year time frame.   

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Contact information  

Michael Papapetrou, WIP  

michael.papapetrou@wip -munich.de  

FACTS ABOUT THE PROJECT 

IoT Catagory : Optimize heat pump operation   

Goal:  Decarbonizing energy consumption in 

buildings by developing integrated renewable 

energy -based solutions  for achieving the EU 

energy and climate goals.  

Beneficiary : Operater  and end -user. 

Data required: Operating data and weather 

conditions . 

Analysis method Performance analysis of overall 

pilot systems  and validation of the building 

management system.  

Modelling requirements:  Dynamic  model of the 

building  made in Modelica , and made available as 

a Functional -Mock-up unit.  

Quality -of -Service:  Real-time . 

Project participants:  15 partners from 8 countries  

Time schedule : 2019-2023 

Technology availability:   Mix of novel and 

standard equipment.  

Link to webpage s: 

https://res4build.eu/ 

 

 

Figure 2: Preliminary  test setup with the multi -source heat pump at Danish Technological institute . 

http://www.heatpumpingtechnologies.org/annex56/
mailto:michael.papapetrou@wip-munich.de
https://res4build.eu/
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Project: Development of fast regulating heat pumps using dynamic models  

 

Figure 1: Concept of development of f ast regulating heat pumps based on dynamic  m odelling .

Summary of project  

The project develops software tools that enhance 

the flexibility of large -scale heat pumps operating 

in integrated systems with varying operating 

conditions. This is approached by the devel -

opment of a holistic control structure and a 

design procedure that is considering dynamic 

aspects, yielding higher overall performances 

and lower operating cost.  Hence, digitalization is 

included and used actively in the development of 

heat pumps system.  

In order to use large -scale heat pump systems  

most effectively and exploit their potential with 

regards to sector coupling, a sophisticated 

integration into the given boundary conditions is 

paramount. The increasingly flexible integration 

of large -scale heat pumps does, however, imply 

certain challen ges for the equipment, as short 

reaction times are required.  

This project provide s an advantage when 

designing and operating heat pumps, which are 

to be integrated in the energy system. The 

platform for modeling the transient operation  

 

enables Johnson Controls to create a digital re -

presentation of their systems to perform trouble -

shooting for site and plant specific interactions.  

Furthermore, the dynamic modelling platform 

will provide the basis for integrating digital 

modelling approaches more thorough ly in the 

design process of Johnson Controls heat pumps, 

which is expected to imply significant advantages 

compared to the conventional design pro -

cedures.  

Johnson Controls is the overall project manager 

and leads the application and demonstration 

activities. Danish Technological Institute leads the 

development, implementation and validation of 

component and system models, which will serve 

as the basis for th e development of advanced 

design procedures and a holistic control struc -

ture, which is led by the Technical University of 

Denmark  (DTU Construct, Section of Thermal 

Energy). 

 

  

http://www.heatpumpingtechnologies.org/annex56/
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Figure 2: Johnson Controls Heat pumps with 
Uni SAB III controller.  

Learnings  and results  

Dynamic model s of various  heat pump system s are 

developed  in Dymola (Modelica) and visualized in 

DaVE, where the results are  compared and 

validated with operating data from a reference 

plant , see Figure 3. 

 

Figure 3: Initial comparison of operating data and 
simulation data.  

One of next steps in the project is to simulate 

various scenarios during fast changing operating 

conditions, e.g. , a sudden change in temperature 

on the sink side of the heat pump, where different 

control strategies then will be tested for 

accommodating this.   

Demonstration of the developed control  strategies  

is planned for the reference plant in the final phase 

of th e project.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Contact information  

Klaus Vinther, Johnson Controls  

klaus.niels.vinther@jci.com  
 

Kenneth Kramer , Danish Technological Institute  

kkra@teknologisk.dk  
 

Wiebke Meesenburg , DTU Construct  

wmeese@mek.dtu.dk  

FACTS ABOUT THE PROJECT 

IoT Catagory : Optimize heat pump operation  and 

installation error analysis  

Goal: Support development of large-scale heat pump 

systems for faster response time and hence e.g. 

exploit their potential with regards to sector coupling  

Beneficiary : Manufacturer  and operator  

Data required: Operating data and datasheets  for 

heat pumps components  

Analysis method Visualization  and analysis of 

modelling results for heat pump operation during 

dynamic changing operating conditions. Simulation 

model first requires validation based on real time 

operating data  

Modelling requirem ents: Dynamic model  made in 

Dymola ( Modelica ) using the TIL library from TLK  as 

starting point . Models includ es data -driven 

submodels . 

Quality -of -Service:  Real-time  

Project parti cipants: Johnson Controls, DTU 

Construct, Section of Thermal Energy , and Danish 

Technological Institute  

Time schedule : 2020-2023 

Technology availability: TRL 6-7 

Link to webpage s: 

https://www.johnsoncontrols.com/en_sg/industrial -

refrigeration/chillers -and-heat -pumps  

https://www.dti.dk/dynamic -modelling/42634  

https://construct.dtu.dk/Sections/thermal-energy 

http://www.heatpumpingtechnologies.org/annex56/
mailto:klaus.niels.vinther@jci.com
mailto:kkra@teknologisk.dk
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CEDAR 

Cost Efficient heat pumps using DigitAl twins and Reinforcement learning  

Figure 1: General flow of the approach studied in the CEDAR project.  

Summary of project  

The CEDAR project studies and develops next -generation 

technology for optimal control of heat -pump systems. In 

�S�D�U�W�L�F�X�O�D�U���W�K�H���S�U�R�M�H�F�W���D�L�P�V���W�R���F�R�Q�V�W�U�X�F�W���D���
�L�Q�V�W�D�O�O-and-�I�R�U�J�H�W����

type of system for retrofitting in residential scale heat -pump 

systems. 

 

The simp lified flow of the envisioned solution is depicted in 

Figure 1. Given a single-family home, (1) observe the 

circumstances of the h ouse (weather, energy consumption 

and internal temperature and humidity changes). Then (2) 

utilize the monitored data to construct a digital twin which 

is (3) decorated with auxiliary data -sources of the future 

context (weather forecast, future energy pric ing, user 

�E�H�K�D�Y�L�R�U�����������W�R���F�U�H�D�W�H���D���K�L�J�K-fidelity predictive digital twin. 

State-of-the -art stochastic optimization techniques (4)  is 

then used to generate a strategy ( 5) for the future control of 

the heat pump. This process is then repeated over and over 

ad infinitum.  

 

Internally the two core processes, namely the digital twin 

estimation and the stochastic optimization, relies on 

state -of-the -art techniques developed at the Technical 

University of Denmark (CTSM -R) and Aalborg University 

(Uppaal Stratego) , respectively.  

 

The novelty and strength of the approach lies in avoiding 

approximations and simplifications of the building 

dynamics to fit a specific Model Predictive Control  (MPC) 

Framework. Instead the CTSM -R tool is utilized to 

estimate high -quality higher order thermodynamic 

models of a given building from the observed data �� a 

model which also includes measures of disturbance 

from e.g. solar radiation. Importantly, such building 

models can be extracted with littl e or no knowledge of 

the physical building layout.  

 

Conventional MPC frameworks require that such a 

model is abstracted or simplified into e.g. a linear model 

such that classical optimization techniques (Linear 

Programming) can be used. Instead, Uppaal St ratego 

provides a toolsuite for optimizing control of switched -
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control non -linear, stochastic differential equation 

systems. 

 

In particular, Uppaal Stratego utilizes a novel partition -

refinement extension of classical reinforcement learning 

algorithms to p rovide near -optimal controller synthesis.  

The synthesis process itself is flexible with respect to the 

optimization criterion. This implies that the trade -off 

between cost and comfort can be adjusted freely 

according to any user specified function. In turn  this 

opens for introducing pump -control flexibility such as 

temperature set -backs and target -bands which the 

optimization procedure can exploit towards an even 

higher savings by e.g. lowering the temperature at night.  

 

A similar benefit of applying Uppaal  Stratego is the ease 

at which peripherals such as accumulation tanks and 

photovoltaic  power generation can be included as 

factors into the optimization problem; e.g. local power 

generation can be utilized when economically profitable, 

depending  on the future energy demand of the house. 

As such, this project is in part envisioned as a stepping 

stone towards a holistic domestic energy optimizer for 

�P�R�G�H�U�Q���
�S�U�R�V�X�P�L�Q�J�����U�H�V�L�G�H�Q�W�L�D�O���E�X�L�O�G�L�Q�J�V�� 

 

In practical terms, the project is realized using off -the -

shelve IoT sensor networks and edge -computing. We 

envision utilizing the inexpensive ZigBee family of 

devices for sensing and relying on low -powered mini -

computers for the optimization and identification 

procedures. This facilitates a near offline applica tion, 

ensuring robustness and stability.  

 

Learnings and results  

Preliminary studies using virtual house models 

demonstrate an up -to 30  %-40 % cost savings using the 

proposed method compared to a naive controller. 

Introducing user -specified flexibility (e.g. set -backs and 

target bands) an additional 11  %-point reduction has 

been demonstrated.  

The CEDAR project aims to continue this work by (1) 

validating the laboratory results, (2) maturing the 

technological platform from research grade to 

consumer grade, and (3) further improve the technology 

of the digital twin estimation and the stochastic 

optimization procedure to ensure a robust and optimal 

control of heat pump units.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Contact information  

Peter Gjøl Jensen 

pgj@cs.aau.dk 

 

 

FACTS ABOUT THE PROJECT 

IoT Category : Optimize heat pump operation  

Goal: A self adapting and self optimizing cost 

efficient heat pump control. In particular 

facilitate that the heat pump control adapts to 

changes in the thermodynamics and changes in 

user behaviour.  

Beneficiary: User, heat pump producers, 

Society 

Data requi red: Weather forecast, day -ahead 

energy prices, sensors of the heat pump, 

temperature,  and humidity sensors of the 

house.  

Analysis method: Model generation via 

Continuous Time Stochastic Modelling and 

optimization via reinforcement learning on 

Euclidean Markov Decision Processes.  

Modelling requirements: Fully data driven.  

Quality -of -Service:  Near real -time (minutes).  

Time  schedule : 2023-2024 

Technology availability: TRL4 at project start.  
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Opening the black-box: A case study of a borehole 
thermal storage

�7�K�H�� �(�Q�H�U�J�\�� �0�D�F�K�L�Q�H�V�� �9�H�U�L�4�F�D�W�L�R�Q�� �W�R�R�O�� ���(�0�9���� �L�V�� �D�� �F�R�P�E�L�Q�H�G�� �K�D�U�G�Z�D�U�H���V�R�I�W�Z�D�U�H�� �V�R�O�X�W�L�R�Q�� �E�D�V�H�G�� �R�Q�� �S�K�\�V�L�F�D�O�� 
�P�H�D�V�X�U�H�P�H�Q�W�V���� �$�� �V�H�U�Y�L�F�H�� �5�(�6�7�� �$�3�–�� ���5�(�S�U�H�V�H�Q�W�D�W�L�R�Q�D�O�� �6�W�D�W�H�� �7�U�D�Q�V�I�H�U�� �$�S�S�O�L�F�D�W�L�R�Q�� �3�U�R�J�U�D�P�P�L�Q�J�� �–�Q�W�H�U�I�D�F�H����
�D�Q�G�� �W�K�H�U�P�R�G�\�Q�D�P�L�F�� �P�R�G�H�O�V�� �R�I�� �W�K�H�� �K�H�D�W�� �S�X�P�S�V�� �L�Q�� �R�U�G�H�U�� �W�R�� �S�U�R�Y�L�G�H�� �R�Q�O�L�Q�H���O�L�Y�H�� �W�U�D�Q�V�S�D�U�H�Q�W�� �S�H�U�I�R�U�P�D�Q�F�H�� 
�P�R�Q�L�W�R�U�L�Q�J�� �R�I�� �W�K�H�V�H���� �D�V�� �Z�H�O�O�� �D�V�� �S�H�U�I�R�U�P�� �D�Q�D�O�\�V�L�V�� �R�Q�� �K�L�V�W�R�U�L�F�D�O�O�\�� �O�R�J�J�H�G�� �G�D�W�D���� �+�H�U�H�� �Z�H�� �S�U�H�V�H�Q�W�� �D�� �F�D�V�H�� �V�W�X�G�\�� 
�Z�K�H�U�H���D���F�R�P�E�L�Q�D�W�L�R�Q���R�I���W�K�L�V���W�R�R�O���D�Q�G���H�Q�H�U�J�\���P�H�W�H�U�V���D�U�H���X�V�H�G���R�Q���D�Q���H�[�L�V�W�L�Q�J���S�O�D�Q�W���W�R���G�H���F�R�Q�Y�R�O�X�W�H���W�K�H���V�\�V�W�H�P��
�&�2�3�� �D�Q�G�� �W�K�H�� �Q�H�J�D�W�L�Y�H�� �H�Q�H�U�J�\�� �E�D�O�D�Q�F�H�� �R�I�� �D�� �E�R�U�H�K�R�O�H�� �W�K�H�U�P�D�O�� �V�W�R�U�D�J�H�� ���%�7�(�6������ �Z�K�L�F�K�� �P�D�\�� �S�U�H�G�L�F�W���� �D�Q�G�� �S�U�H�Y�H�Q�W��
�S�R�W�H�Q�W�L�D�O���O�R�Q�J���V�F�D�O�H���W�H�P�S�H�U�D�W�X�U�H���G�U�R�S�V���L�Q�V�L�G�H���W�K�H���%�7�(�6����

Tobias Dokkedal Elmøe, Denmark

Energy Machines (EM) is a leader in the design, imple-
mentation and operation of integrated energy systems 
for buildings. EM uses standardized component designs, 
which not only reduce complexity for control systems 
but, more importantly, ensure quality and functionality 
as the designs consist of reusable and scalable modules. 
Through simulation platforms, EM is developing digital 
solutions for heat pump systems. Hence, EM has a key 
focus on the digitalization of heat pumps and is, in re-
lation to that, also a part of the Danish working group 
in the HPT Annex 56 on “Digitalization and IoT for Heat 
Pumps”. 

Ground source heat pumps, which take advantage of 
borehole thermal storages (BTES), are some of the most 
�5�H�[�L�E�O�H���K�H�D�W���S�X�P�S�V���Z�K�L�F�K���S�U�R�Y�L�G�H���K�L�J�K���H�Q�H�U�J�\���H�]�F�L�H�Q-
cy [1]. When designing a new BTES, care must be taken 
to avoid the dropping of temperatures below freezing. 
The lifetime of the underground storage is typically de-
signed for 25 years. In practice, this is controlled on-site 
by dumping excess building heat in free-cooling mode 
during spring/early summer and excess heat from the 
hot side into the borehole in warm summer months 
during active cooling. Thermal energy-meters can be 
placed around the site to estimate the power going into 
the boreholes, but they are expensive and in most appli-
cations, the energy meters are therefore limited to only 
measuring the building interface (heating/cooling side).

Here, we present a case study of an Energy Machines (EM) 
installation located in Sweden, where we wish to investi-
gate the total heating/cooling production from the instal-
lation, as well as examine the imbalance between heat 
storage and heat recovery from the BTES connected to 
this site. We do this by applying the Energy Machines Ver-
�L�4�F�D�W�L�R�Q���W�R�R�O�����(�0�9������ �L�Q���F�R�P�E�L�Q�D�W�L�R�Q���Z�L�W�K���W�K�H���S�U�H�H�[�L�V�W�L�Q�J 
energymeters, to open up the “black-box” of the ener-
�J�\�� �5�R�Z�V�� �R�I�� �W�K�H�� �K�H�D�W�L�Q�J���F�R�R�O�L�Q�J�� �V�\�V�W�H�P���� �(�0�9�� �U�H�O�L�H�V�� �R�Q��
multiple, simultaneous measurements of the refrigerant 

pressure and temperature, as well as a knowledge of the 
thermodynamic properties of that refrigerant, as illus-
trated in Figure 1.  EMV comes as an optional “out-of-the-
box” with all EM installations since the machines already 
have all the necessary sensors equipped. It functions 
primarily as an automated real-time cloud service but 
can also be invoked to analyze historical data and give 
inputs to energy engineers, building property managers, 
or others who might have an interest in the performance 
of their heating/cooling system. 

The purpose of this study was to gain more insight into 
the performance of the EM installation, in particular with 
a focus on the total heat and cooling production vs the 
measured heating and cooling from the energy-meters, 
and the imbalance imposed on the borehole storage. 
This insight can improve the control of the system to 
prevent long-term freezing of the boreholes, as well as 
help, understand the actual system COP.

Case study
The system examined in this case study consists of three 
heat pumps (HP1, HP2, and HP3), two of which are in 
parallel, and one which has its heat source connected to 
the outlet of the two parallel ones. A very basic sketch 
can be seen in Figure 2. Currently, at the plant, thermal 
energy-meters are placed at the inlet, measuring Q i, build -

ing, as well as Qo, building . There are also electrical energy 
meters measuring the electrical power used for each of 
the three compressor pairs (Q c,1, Qc,2, Qc,3) (two circuits 
with two compressors/circuit each per heat pump). With 
EMV, we can estimate the power to the evaporator and 
the power released in the condensers. Because of the 
�F�R�Q�4�J�X�U�D�W�L�R�Q���R�I���W�K�H���V�\�V�W�H�P�����R�Q�O�\���4i,1 and Qi,2 need to be 
determined from EMV, as the input source to heat pump 
3 is part of the output from heat pumps 1 and 2.

The EMV algorithm requires input measurements of 
pressure and temperature throughout the heating cycle, 

https://mdpi-res.com/d_attachment/energies/energies-10-00743/article_deploy/energies-10-00743-v2.pdf?version=1496228425
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Figure 1. p-h diagram for R410A, showing the thermodynamic cycle of the heat pump, indicating the necessary 
measurements of the temperatures/pressures for EMV. Energy Machines heat pumps have all relevant sensors 
installed per default, so the EMV option can be enabled without additional installations required.
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�)�L�J�X�U�H���������6�N�H�W�F�K���V�K�R�Z�L�Q�J���W�K�H���K�H�D�W���Á�R�Z�V���L�Q���W�K�H���V�\�V�W�H�P�����(�Q�H�U�J�\�P�H�W�H�U�V���P�R�Q�L�W�R�U���W�K�H���E�X�L�O�G�L�Q�J���H�Q�H�U�J�\���Á�R�Z�V�����4i, building /
�4o, building �������Z�K�L�O�H���H�O�H�F�W�U�L�F�L�W�\���P�H�W�H�U�V���P�H�D�V�X�U�H���W�K�H���F�R�P�S�U�H�V�V�R�U���S�R�Z�H�U�V�����4c,1 ���W�R���4c,3), and EMV is used to calculate the 
�K�H�D�W���V�R�X�U�F�H���4i,1 �D�Q�G���4i,2. Some output energy from HP1 and HP2 is recycled as input to HP3. Energy balances can 
�W�K�H�Q���E�H���X�V�H�G���W�R���G�H�W�H�U�P�L�Q�H���4o, BHS���D�Q�G���4i, BHS, the outlet and inlet from the borehole storage, respectively.
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�)�L�J�X�U�H���������+�H�D�W�����E�R�O�G���V�R�O�L�G�����U�H�G���O�L�Q�H�V�����D�Q�G���F�R�R�O�L�Q�J�����V�R�O�L�G�����E�O�X�H���O�L�Q�H�V�����H�Q�H�U�J�\���G�H�O�L�Y�H�U�H�G���S�H�U���G�D�\�����L�Q���0�:�K�����O�H�I�W���D�[�L�V�������D�V��
�Z�H�O�O���D�V���W�K�H���D�F�F�X�P�X�O�D�W�H�G���H�Q�H�U�J�\�����I�U�R�P���V�W�D�U�W�����E�U�R�N�H�Q���O�L�Q�H�V���U�L�J�K�W���D�[�L�V������

which are logged with 1-minute resolution and are avail-
able using our energymachines.cloud platform, which 
logs and monitors all EnergyMachines installations.  
�)�L�J�X�U�H�������V�K�R�Z�V���W�K�H���H�Q�H�U�J�\���5�R�Z�V���L�Q���W�H�U�P�V���R�I���K�H�D�W�L�Q�J���D�Q�G��
cooling in the system, as an example of the output data 
from EMV. Many more outputs can be derived, such as 

�&�2�3���� �U�H�I�U�L�J�H�U�D�Q�W�� �5�R�Z�� �D�Q�G�� �F�R�P�S�U�H�V�V�R�U�� �H�]�F�L�H�Q�F�\���� �Z�K�L�F�K��
given the right data analysis, may help diagnose/predict 
potential performance issues. 

A summary of the COP, heating- and cooling energies 
can be seen in table 1, which is estimated by EMV, and  

Heating energy delivered at 
condensers +subcoolers [MWh]

Cooling energy delivered at 
evaporators [MWh]

COP heating COP cooling

2928 2385 5.01 4.09

Table 1. Accumulated values for the case studied system calculated by EMV using temperature/pressure sensors 
�O�R�F�D�W�H�G���D�U�R�X�Q�G���W�K�H���K�H�D�W���S�X�P�S���U�H�I�U�L�J�H�U�D�Q�W���F�L�U�F�X�L�W���V������

Measured heating energy 
delivered to building

Measured cooling energy 
delivered from building

COP heating
COP cooling / COP 

cooling energy 
balance

1815 699 3.10 1.20 / 2.10

Table 2. Accumulated values for the case studied system calculated energy meters located at the building inter -
�I�D�F�H�����K�H�D�W�L�Q�J���F�R�R�O�L�Q�J������

���&�2�3���Z�D�V���F�D�O�F�X�O�D�W�H�G���I�U�R�P���W�K�H���W�R�W�D�O���F�R�P�S�U�H�V�V�R�U���H�Q�H�U�J�\���X�V�H�G�����Z�K�L�F�K���Z�D�V���P�H�D�V�X�U�H�G���E�\���H�O�H�F�W�U�L�F�D�O���P�H�W�H�U�V���W�R���E�H�����������0�:�K��

COP was calculated from the total compressor energy used, which was measured by electrical meters to be 584 
�0�:�K�����7�K�H���H�Q�H�U�J�\���E�D�O�D�Q�F�H���L�V���Q�R�W���I�X�O�À�O�O�H�G���X�V�L�Q�J���H�Q�H�U�J�\���P�H�W�H�U�V���D�O�R�Q�H���E�H�F�D�X�V�H���W�K�H���E�R�U�H�K�R�O�H���F�R�Q�W�U�L�E�X�W�H�V���V�L�J�Q�L�À�F�D�Q�W�O�\��
�W�R���W�K�H���F�R�R�O�L�Q�J���H�Q�H�U�J�\���G�H�O�L�Y�H�U�H�G���W�R���W�K�H���H�Y�D�S�R�U�D�W�R�U�V�����&�2�3���F�R�R�O�L�Q�J�����W�K�H�U�H�I�R�U�H�����K�D�V���W�R���E�H���F�R�U�U�H�F�W�H�G���I�R�U���W�K�L�V���������������Y�V��
2.10).

https://energymachines.cloud/
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similarly in table 2 using energy-meters only. A clear  
distinction can be seen. First of all, the energy estimated 
by energy-meters is much lower, and this obviously leads 
to a much smaller COP. This is particularly more clear 
�I�R�U���W�K�H���F�R�R�O�L�Q�J���V�L�G�H���V�L�Q�F�H���W�K�H���G�L�•�H�U�H�Q�F�H���E�H�W�Z�H�H�Q���F�R�R�O�L�Q�J��
energy determined by EMV and energy meters is much 
�J�U�H�D�W�H�U���� �7�K�H�� �U�H�D�V�R�Q�� �I�R�U�� �W�K�L�V�� �G�L�•�H�U�H�Q�F�H�� �L�V�� �W�K�H�� �E�R�U�H�K�R�O�H��
storage, as well as the fact that some output energy from 
HP1 and HP2 is used as input energy for HP3 (cf. Figure 2). 
�7�K�H���U�H�V�X�O�W���L�O�O�X�V�W�U�D�W�H�V���W�K�H���G�L�]�F�X�O�W�\���L�Q���U�H�S�R�U�W�L�Q�J���D���V�\�V�W�H�P��
COP, mainly because of the borehole storage but also 
because of heat recycling inside the system. 

To gain further insight, we will combine the EMV results 
with the energy-meters (thermal+electrical) and use  
energy-balances that can be set up from Figure 2, which 
are shown in eq. 1 and 2. Figure 4 shows the borehole 
storage charging/discharging calculated by EMV, energy-  
�P�H�W�H�U�V���� �D�Q�G�� �H�T�V���� ���������� �7�K�H�� �4�J�X�U�H�� �U�H�Y�H�D�O�V�� �K�R�Z�� �W�K�H�� �E�R�U�H-
hole is charged by free-cooling from the cold side in early 
spring, then via active-cooling from the hot side during 
the summer, before being discharged in autumn and 
winter to increase system performance by increasing the 
evaporator temperature. Overall, the energy-balance is 
negative, leading to a decrease over time in borehole 
temperature. Nevertheless, the borehole will also “re-
charge” through the surrounding rock, which requires 

TOBIAS DOKKEDAL ELMØE
Energy Machines ApS
Belgium

tobias.dokkedal.elmoe@energymachines.com

https://doi.org/10.23697/j1x8-r288
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�)�L�J�X�U�H���������%�R�U�H�K�R�O�H���F�K�D�U�J�L�Q�J���S�H�U���G�D�\�����O�H�I�W���D�[�L�V�����I�U�R�P���K�R�W���V�L�G�H�����E�R�O�G���V�R�O�L�G���U�H�G���O�L�Q�H�������G�L�V�F�K�D�U�J�L�Q�J���R�Q���W�K�H���F�R�O�G���V�L�G�H�� 
���V�R�O�L�G���E�O�X�H���O�L�Q�H�����D�Q�G���W�K�H���G�L�I�I�H�U�H�Q�F�H���E�H�W�Z�H�H�Q���W�K�H���W�Z�R�����G�R�W�W�H�G���E�O�D�F�N���O�L�Q�H�����R�Y�H�U���D���\�H�D�U���R�I���R�S�H�U�D�W�L�R�Q�����,�Q���O�D�W�H���V�S�U�L�Q�J����
discharging is negative because of free-cooling, dumping energy back into the borehole from the cold side. 
During summer, charging is positive because of the active cooling demand of the building, which is when the 
heat pumps are mainly switched off. During autumn and winter, the borehole is discharged. Overall, the heat 
�E�D�O�D�Q�F�H���L�V���Q�H�J�D�W�L�Y�H�����Z�L�W�K���K�L�J�K�H�U���G�L�V�F�K�D�U�J�L�Q�J���W�K�D�Q���F�K�D�U�J�L�Q�J�����E�U�R�N�H�Q���O�L�Q�H�V�����U�L�J�K�W���D�[�L�V�������Q�R�W���D�F�F�R�X�Q�W�L�Q�J���I�R�U���W�K�H���V�H�O�I��
charge .from the rock surrounding the borehole).

more detailed analysis using so-called “g-functions” [2]. 
This analysis was not done in this study.

Conclusions
�7�K�H���(�Q�H�U�J�\���0�D�F�K�L�Q�H���9�H�U�L�4�F�D�W�L�R�Q���W�R�R�O�����(�0�9�������Z�K�L�F�K���F�R�P�H�V��
as an optional part of any Energy Machines installation, 
�R�•�H�U�V���H�Q�H�U�J�\���H�Q�J�L�Q�H�H�U�V�����E�X�L�O�G�L�Q�J���S�U�R�S�H�U�W�\���P�D�Q�D�J�H�U�V�����R�U��
anyone with interest in the performance of their inte-
grated energy system, a way to analyze results and gain 
insights into the “black box” of the energy system. In the 
case study above, the focus was on determining the sys-
tem COP from the heat pumps, as well as investigating 
�W�K�H���H�Q�H�U�J�\���5�R�Z�V���W�R���D�Q�G���I�U�R�P���W�K�H���E�R�U�H�K�R�O�H���R�Y�H�U���D���V�H�D�V�R�Q��
of operation. Such knowledge can help the operators im-
prove the operation and control of the integrated energy 
system to prevent potential future borehole freezing, as 
well as give them information on the current and sea-
sonal performance of that system.
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